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THE INFLUENCE OF OXIDE FILMS ON THE 
WEAR OF STEELS 


By SAMUEL J. ROSENBERG AND Louis JORDAN 


Abstract 


The effect of oxygen-free atmospheres (nitrogen and 
hydrogen) upon the wear of a hypoe utectoid, a eutectoid, 
and a hypereutectoid carbon steel was studied. It was 
found that when these steels were hardened and sub- 
sequently tempered at low temperatures, the rates of wear 
were comparatively low; the wearing surfaces were 
smooth and were covered by a thin oxide film and the 
abraded particles consisted of Fe,O, and Fe,O,. When 
these steels were tempered above certain temperatures, 
the rates of wear were extremly high; the worn surfaces 

were very rough and bright and the abraded particles 
were metallic iron. 


INTRODUCTION 


ARKED advances in many phases of the testing of metals 

have taken place in recent years, yet little or no real progress 
in developing the fundamentals of the wear testing of metals has 
been achieved. ‘This is probably because of the complexity of this 
particular problem, the difficulty in separating the numerous factors 
of service conditions which influence wear, and the consequent diff- 
culty in properly understanding and evaluating the individual effects 
of these factors upon the mechanism and nature of wear. 

The logical method of attacking the general problem of wear 
of metals is to attempt to separate these factors which occur in service 
and to study the effect of each upon the wear. The factor reported 
in this paper is the effect on abrasion of oxygen in the atmosphere 
surrounding the wearing surfaces. 

The appearance of films upon the wearing surfaces of metals 
has frequently been observed. It has been accepted that these films 


influenced the results obtained in wear testing ; in some cases attempts 
have been made to minimize or prevent the formation of films by 
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mechanical means, while in other cases the films have been a f 

to form and remain, on the assumption that they are a natural S¢ : 

of the wearing process. ; Fy 
An hypothesis as to the effect of oxide films upon thx ; m 

of metals has been advanced by Fink,’ as a result of tests o1 : 2 
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Fig. 1—Details of Cell Used to Maintain the Desired At ; 
mosphere Around the Wear Test Specimens. 
in oxygen-free atmospheres. The wearing surfaces at the conclusion 
of his tests were very smooth and shiny and the specimens had sut- ‘ 
. ie i . ° . ‘i I 
fered no wear. When the same steels were tested in air, the surfaces 
were covered with oxide films and an appreciable amount of weat 
took place. This phenomenon of film formation Fink terms “wear 
oxidation” and, according to his theory, oxygen is essential if weat : 


is to take place between two metallic surfaces. 


*Max Fink, “‘Wear Oxidation; A New Component of Wear,’’ TRANSACTIONS, Amer! 
can Society for Steel Treating, Vol. 18, 1930; p. 1026. (See also ‘‘Neue Ergebnisse aut 
dem Gebiet der Verschleissforschung.’’ Organ fiir die Fortschritte des Eisenbahnwese! 
Vol. 66, October 15, 1929; p. 405). 












EFFECT OF OXIDE FILMS ON STEEL WEAR 


Metuops or TESTING 


\n Amsler wear testing machine (the same type as used by 
link) was used for the tests described in this paper. In this 
machine wear takes place on the circumferences of two specimens 


inches in diameter and 0.4 inch thick, mounted on parallel hori 
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Fig. 2—-Train for Purifying and Drying Gas 


zontal shafts as shown in Fig. 1. An oval cell to inclose the speci- 
mens and maintain the desired atmosphere during test was con 
structed as also shown in Fig. 1. 

The cell was closed for each test with a strip of lead foil about 
0.006 inch thick. This foil was pressed tightly against the grooved 
circumference of the brass side walls of the cell by means of two 
rubber gaskets and two brass strips which could be tightened by 
means of a screw. The lapped joint in the lead envelope was 
sealed with a mixture of beeswax and rosin. 

Hydrogen was used for the oxygen-free atmosphere in the 
majority of the tests. Nitrogen was used in a few tests. Both gases 
were purified in the train shown in Fig. 2. The rate of flow of gas, 
observed from the bubbles through the sulphuric acid, was kept 
fairly rapid in order to maintain a pressure slightly above atmos- 
pheric within the cell. The purified gas was allowed to flow through 
the cell for at least 15 minutes before starting each run. Gas 
analyses, sensitive to 0.03 to 0.04 per cent oxygen, failed to indicate 
the presence of oxygen in the gas leaving the cell. 

The test specimens were washed in carbon tetrachloride, dried, 
and weighed before and after each test; the losses in weight were 
used as a measure of the wear. The oscillating motion of the upper 
head of the Amsler machine was not used in any of the tests. 


REPETITION OF FINK’s EXPERIMENTS 


An effort was first made to duplicate the results reported by Fink. 
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Ile tested a 0.65 per cent carbon steel having an ultimate 1 
strength of approximately 115,000 pounds per square inch 
atmosphere of nitrogen under a load of 50 kilograms and \ 
per cent slip. Of the steels available, that most nearly approxin 


0.05 per cent carbon had the following composition : 


Per Cent 


. 0.58 
Mn 0.29 
Pp 0.014 
oy 0.018 


Si 0).27 








Slip of approximately 1 per cent between the wearing surfaces 
was obtained by mounting a specimen of 2.186 inches in diameter o) 
the upper shaft of the machine and one of 2.0 inches diameter on thi 
lower shaft. All of the specimens were normalized at 825 degrees 
Cent. (1515 degrees Fahr.), water quenched from 800 degrees Cent 
(1470 degrees Fahr.) and tempered at 625 degrees Cent. (1155 


degrees Fahr.). This heat treatment gave a Brinell hardness number 








of 230 which corresponds to a tensile strength of approximately 
110,000 pounds per square inch. 
Results of tests made under these conditions in atmospheres oj 


hydrogen, nitrogen and air are summarized in Table I. 


Table |! 
Wear of 0.58 Per Cent Carbon Steel in Different Atmospheres Under 50 Kg. Load 
1 Per Cent Slip 











Rate of Wear 
Loss in Grams Pet 10,000 Rev 






Atmosphere Specimen tions of Lower Specimet 
Ai Upper 0.08 

Lower 0.05 
Nitrogen Upper 0.09 

Lower 0.07 
Hydrogen Upper 0.06 


Lower 0.05 















The rates of wear of all these specimens were appreciable and 
there was no significant difference between the tests in hydrogen, 
nitrogen, or air. The surfaces of the specimens tested in hydrogen 
and in nitrogen were light gray in color, while the surfaces of th 
specimens tested in air were dark gray. All of the surfaces had 
characteristic rippled appearance as shown in Fig. 3. 

These results were not in agreement with Fink’s observation 


that wear occurred only in the presence of oxygen. 
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EFFECT OF ONIDE FILMS ON STEEL WEAR 


Ieerects OF ATMOSPHERE AND Hear TREATMENT ON TI 
WEAR OF STEELS 


Il ear of a eutec toid carbon steel 


a) Comparison of type and rate of wear in different atmospheres 


Kutectoid carbon steel (O.81 per cent carbon) was chosen for 
further study of the effect of atmosphere upon wear. ‘The first tests 


of this steel in atmospheres of hydrogen and of mitrogen were made 


‘ Worn Surfaces of Steels Tested in Hydrogen Under 50-Kilograms Load and 
Cent Slip. KX 1K. 


under 60-kilogram load and 10 per cent slip and with species which 
had been hardened and subsequently tempered at 260 degrees Cent 
(500 degrees Fahr.) (details of composition and heat treatment are 
given in Table IV). 

Worn surfaces which were smooth and covered by a reddish 
brown film, sometimes streaked with black, were produced by these 
tests. The frictional torque was high, about the same as when 
identical specimens were tested in air, and the rate of wear was 
venerally somewhat lower than when similar specimens were tested 
in air (see Table II). It was rather surprising that the wearing 
surfaces were covered with films, apparently of oxides, when tested 


in “oxygen-free” hydrogen or nitrogen. A probable explanation of 


this phenomenon is advanced in a later section of this paper. 


In all these cases both the upper and lower specimens had been 
tempered at 260 degrees Cent. In a subsequent test, however, a 
specimen which had been tempered at 400 degrees Cent. was inadvert 


ently tested against one tempered at 260 degrees Cent. The results 
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Fig. 4 Worn Surfaces of Steels Tested in Hydrogen Under 60. Kilograms toa 
and 10 Per Cent Slip. ~ 1% 

a and b -smooth, filmed surfaces 

e and d bright, rough, film-free suctaces 


in this case were markedly different. The wearing surfaces of both 
specimens awwere bright with no trace of film; they were also very 
rough and the wear of the specimen tempered at 400 degrees Cent 
was relatively enormous. The wear rates per 10,000) revolutions 
were as follows: 
Upper specimen (tempered at 400 degrees Cent.) 8.5 grams 
Lower specimen (tempered at 260 degrees Cent.) 0.28 grams 
Additional tests, in both oxygen-free hydrogen and in moist 
hydrogen, of specimens tempered at 400 degrees Cent. gave exces 
sively high wear rates and rough, film-free surfaces. When speci 
mens tempered at 200 degrees Cent. (500 degrees Fahr.) were 
tested in air, the wear rate was 0.03 gram and when both were 
tempered at 400 degrees Cent. (750 degrees Fahr.), the rate was 
0.06 gram. In both of these cases the surfaces were smooth and 


filmed. The frictional torque developed during the tests in hydrogen 


was lower than when specimens of the same steel treated in the same 
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: y were tested in ait \ photograph of specimens showing the 


mooth, filmed” type of worn surface and the “rough, bright” 


| oe of worn surface after testing in hydrogen is shown in Fig. 4 
F hese two groups of specimens——one tempered at 200 degrees Cent 
| : 00 degrees Fahr.) and the other at 400 degrees Cent. (750 degrees 
| : ihr. ) were also tested in OXyven, 
| E lable Il] summarizes the results of all of these tests. There 
f vere no significant differences between the effects of any of the 
edia surrounding the specimens tempered at 260 degrees Cent, (500 
evrees ‘ahr. ). ‘The wear rates of these specimens were low im 
ill five atmospheres ; the worn surfaces were smooth and filmed. In 
. the case of the specimens tempered at 400 degrees Cent. the results 


of the tests in air were similar to the results obtained in all types 
ot atmospheres with the specimens tempered at 200 degrees (Cent 
500 degrees Fahr.), 1.e., the surfaces were smooth and filmed and 


the wear rates were low. When specimens tempered at 400 degrees 









Cent. (750 degrees Kahr.) were tested in hydrogen atmospheres, 
however, the wear rates were high and the surfaces were rough 


ind bright. This effect was noted in both moist and dry hydrogen 





Table ll 
Cent Carbon Steel in Different Atmospheres Under 600 Kg. Load 
and 10 Per Cent Slip 
















fests of OBL Per 












Wear Rate 


Loss in Grams Per 10,000 Revolutions 

























E Fempered at 260 Degrees Cent Fempered at 400 Degrees Cent 
Un) ested In (500 Degrees Fahr.) (750 Degrees Fahr.) 
r\ Hydrogen 0,.001--0,02 (16 determinations) O.4 16.0 (8 determinations) 

Moist hydrogen 0.01 (2 determinations) 0.2 (2 determinations) 
at Nitrogen 0.004-0,008 (2 determinations) 
ns Oxyween 0.03 (2 determinations) 

Nir 0.03 (2 determinations) 0.06 (2 determinations) 

Notre-—-Each value represents the slope of a weight-loss revolutions curve of a separate 

cimen determined by a series of wear tests, each of which ran for 10,000 revolutions 

lhe values given are the minimum and maximum obtained 
ist 
a . ° . ‘7 
(>) Comparison of the type and rate of wear after different 
C1 ‘ ; ; 
tempering treatments 

ze : 
re (he marked change observed in the preceding tests in both the 
as type and rate of wear raised the question whether this change 
nd curred gradually with increasing tempering temperature, or whether 
en ie transition occurred abruptly. A series of specimens tempered at 
ne 


rious temperatures was therefore tested in hydrogen and in air. All 
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these specimens were O.81 per cent carbon steel except the sp 
tempered at 150 degrees Cent. (300 degrees Fahr.), which were (x8 
per cent carbon steel, 


Table III. 


They show that a 


‘The results of these tests are summari 













“critical” range of tempering temper 


exists in the O.81 per cent carbon steel between 290 and 320 ¢ 


le eS 
Cent. (555-605 degrees Fahr.). Specimens tempered above th; 
temperature range and tested in hydrogen had rough, bright 

surfaces and the rate of wear was extremely high as compared with 
the rate in air. Specimens tempered below this temperature 
and tested in hydrogen had smooth, filmed, worn surfaces; th 
of wear was usually lower than that obtaimed upon testing in ai; 


and the films formed were usually considerably lighter in colo1 


Wear of a hypoeutectoid and a hypereutectotd carbon steel 


Similar tests were made on a hypoeutectoid carbon steel (043 















per cent carbon) and a hypereutectoid carbon steel (1.26 per cent 
carbon) to determine whether the wear phenomena observed in the 
eutectoid steel would also be evident in steels of lower and higher: 
carbon content. 

The data obtained in the tests on these steels are also given in 
Table IL] 


temperature were evident in these steels, that is, a critical range o| 


‘The same general effects of atmosphere and temperin; 
tempering temperatures existed in each steel. The “critical” temper 
(390-445 
degrees Kahr.) for the hypoeutectoid steel and was higher (between 
400-500 . degrees Cent.) 


ing range was lower (between 200-230 degrees Cent.) 
(750-930 degrees Fahr.) for the hypet 
eutectoid steel than for the eutectoid steel. As in the case of the 
eutectoid steel, the rates of wear of these steels in air increased but 
slightly with increase of tempering temperature; the type of wea 
remained the same in all tests in air, 


Summary of the wear tests 








A general summary of the significant features of the wear tests 
in oxygen-free hydrogen is presented in Table [V. ‘The compositions 
and heat treatments of the steels are also given in this table. 

It is worthy of note that under the conditions of load and slip 
employed in these tests, steels treated to a Rockwell “C” number o! 
about 56 or higher invariably showed the smooth, filmed type 0! 


o . ° . . th; 
worn surface in oxygen-free atmospheres. Steels softer than this 
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value had either a borderline or a rough, film-free type of 









surface. 
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Table 1V h 
Summary of the Wear of Steels in Hydrogen (60 Kg. Lcad, 10 Per Cent Slip f 
Tempering ; 
Composi Temperature Rockwell iB 
tion Degrees — lype of Worn : 
Per Cent Heat Treatment Cent Numbet Surtace Rate 
( 0.43 Water quenched none 58 Smooth, filmed 
Nin 0.68 trom 835 dewrees 200 Borderline 
r 0.031 Cent. (1535 de 30 2 Borderline 
S 0.038 vrees Fahr.) 260 50 Rough, bright, clean HH 
Si 0.28 320 +8 Rough, bright, clean Hi 
( 0.81 Normalized &10 *150 64 Smooth, filmed | 
Mn 0.23 degrees Cent.; 260 8 Smooth, filmed Li 
P 0.024 water quenched 290 56 Borderline 
S 0.021 from 770 degrees 320 54 Rough, bright, clean Hi 
Si 0.28 Cent. (1420 de 360 17 Rough, bright, clean Has 
grees Fahr.). $00 $5 Rough, bright, clean Higt 
( 1.26 Normalized 925 de 200 59 Smooth, filmed Le 
Mn 0.39 grees Cent.; an 100 +8 Borderline 
I’ 0.024 nealed 760 de 500 } Rough, bright, clean His 
Ss 0.018 grees Cent.; wate 
Sj 0.28 quenched from 










770 degrees (Cent 








‘Steel used for this treatment contained 0.88 per cent carbon 


MicROsTRUCTURAL CHARACTERISTICS OF THE STEELS ADJACEN1 
To THE WorRN SURFACES 


Several representative specimens were subjected to a microscopic 












examination after the wear tests. In the following discussion of the 
microstructural characteristics the phrase “structure at the surface” 
is used to indicate not only the regularity of the contour of the 
actual surface but also the structure of a relatively thin layer oi 
metal immediately below the surface; the phrase “interior structure” 
designates the structure of the steel at a distance below the worn 
surface, where it was not affected by the wear test. 

Two characteristic types of structures were found adjacent to 
the worn surfaces. Specimens having the rough, film-free type of 
worn surface after testing in oxygen-free atmospheres had severely 
cold-worked surface layers. Numerous cracks, evidently caused by 
the stresses developed during the wear tests, were present at and 
just below the wearing surfaces. Areas of severely distorted metal, 
frequently lenticular in section and outlined by cracks, were char 
acteristic of the surface structure (see Fig. 5). 





Specimens having the smooth, filmed type of worn surface after 
testing either in air or in oxygen-free atmospheres showed a rela 
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Fig. Sa—Structure Adjacent to Rough, Film-free, Worn Surface of a Specimen 
rested in Hydrogen. Note Cold-worked Surface Layer. (Steel 0.81 Per Cent Carbon, 
Water-quenched from 770 Degrees Cent. and Tempered at 320 Degrees Cent Rockwell 
( Number 52.6.) 100. 


Fig. 5b—Same Specimen as a, but Another Area. Note Cracks 
face Outlining a Lenticular Area in the Initial 
Surtace x S500. 


Both Etched with 1 Per Cent Nitric Acid in Aleonhol 


Beneath the Su 
Stages ot separating from the Wearing 


tively smooth contour of the wearing surfaces under the microscope 
(see Fig. 6a and c). There was but little evidence of distortion of 
the layers immediately below the surfaces except for some cracks 
approximately parallel to the wearing surfaces. 

Some specimens started wearing with rough, film-free surfaces 
but as the tests progressed formed surface films. This type of wear 


is designated as a borderline type. Microexaminations of such speci 


mens showed that the surface structures characteristic of wear pro 


ducing a rough, bright surface were still very evident after the sur 
faces had hecome covered with films (see Figs. 6b, Za and 7b). 
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The structures shown in Figs. Za and 7b were rather un 
with respect to the type of surface developed in the wear tests. 
the way around the specimen in the middle of the wearing su 
there was a somewhat roughened, although filmed, area. On 
sides of this roughened surface was a relatively smooth, filmed 
face. This specimen might have been expected, on the basis of 
preceding tests, to have had a smooth, filmed, worn surface beca 
of its low tempering temperature. The interior structure of 
specimen etched somewhat darker below the rough surface (Ii 
7b) than below the smooth surface (Fig. 7c). This suggests that 
for some reason the interior structure was more troostitic and, ther: 
fore, slightly softer below the rough, worn surface than below the 
smooth, worn surface. This may have been the reason for the two 
different types of wear observed on this specimen. 

A very interesting phenomenon developed during the tests of the 
0.88 per cent carbon steel in hydrogen. After the first test in hydro 
gen, four heavily worn areas appeared on the wearing surface of 
one of the specimens. Whereas this specimen, due to its low tem 
pering temperature, had the smooth, filmed type of worn surface, 
these spots were rough, even though they were covered by a thin 
film. Their appearance was quite similar to that of specimens which 
normally exhibited film-free, heavily worn surfaces at first and then 
formed a film either because of an imperfection in the hydrogen gas 
train or for other causes which will be discussed later. The loca 
tions of these rough spots were marked, the specimen was resur- 
faced and tested again. The spots reappeared in the same locations 
and with the same shapes as before. Their appearance is shown in 
Fig. 8. Rockwell “C” scale readings, made at the locations indi 
cated, are given in this figure. 

Apparently these four areas were soft spots, the hardnesses 
of which were about equal to or lower than the hardness of the 
eutectoid steel specimens which showed the borderline type of wear 
in hydrogen. ‘This lower hardness was apparently the cause of the 
development of the rough areas in an otherwise smooth, worn surface. 

Fig. 9 shows the structures at the wearing surface of a section 
cut through one of these rough areas. The worn surface is irregu 
lar and shows a thin layer of severely deformed material contain 


ing cracks. The interior structure consists of troostite, tempered 


martensite and free carbides. The presence of the troostite explains 
the lowered hardness. Fig. 10a shows the transition from the rough 
















CS 
he 
ar 
he 
e. 
On 
u 
n Fig. 6a—Structure Adjacent to the Smooth, Filmed, Worn Surface of a Specimen 
ested in Hydrogen. The Martensitic Needles are Deformed Just Below the Surface 
d Steel 0.43 Carbon, Water-quenched from 835° C. not Tempered. Rockwell C 58.2.) 
Ct Fig. 6b- Structure Adjacent to the Wearing Surface of a Specimen Tested in Hy 
ns rogen. — rhis Specimen had a Rough Film-free Surface During the First Test. In Subse 
quent Tests, the Surface Became Filmed. Note Cracks Beneath and Parallel to the 
rh Wearing Surface. (Steel—0.81 Per Cent Carbon, Water-quenched from 770 Degrees 
Cent. and Tempered at 290 Degrees Cent. Rockwell C Number 56.2.) 
Fig. 6c—Structure Adjacent to the Smooth, Filmed, Worn Surface of a_ Specimen 


tember I 





Tested in Air. 
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er Cent Carbon, Water-quenched from 770 Degrees Cent. and Tempered at 320 Degrees 
Rockwell C Number 54.1.) All x 5060. Etched in 1% HNQOy, in Alcohol 
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Note Cracks Beneath and Parallel to the Wearing Surface. (Steel—0.81 
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Fig. 7a-——-Structure Adjacent to the Worn Surface of a Specimen Tested in Hy) 
drogen. The Part of the Surface Shown Here was Roughened, but Filmed. Note Co! 
worked Layer (Steel—-0.81 Per Cent Carbon, Water-quenched from 770 Degrees ‘ 
and Tempered at 260 Degrees Cent. Rockwell C Number 59.1.) x 100. 

Fig. 7b-—-Same Location as a. Note Cracks in Cold-worked Layer. 500 

Fig 7c--Same Specimen as a, but Showing Structure Adjacent to the Sm 
Filmed Surface. x 500. 

All Etched with 1 Per Cent Nitric Acid in Alcohol 
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Fig. 8—Specimen Showing Heavily Worn 
Areas After Testing in Hydrogen. (Steel—0.88 
Per Cent Carbon, Water-quenched from 770 De 
grees Cent. and Tempered at 150 Degrees Cent 
Rockwell C Number 64.1.) ewe 
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Fig. 9a—Structure Adjacent to the Worn Surface of a Section Through One of 
the Rough Areas of the Specimen Shown in Fig. 8. The Presence of Primary Troostit 
is Evidence of Incomplete Hardening. Note the Rough, Deformed Surface Layers 
100, 
Fig. 9b—Same Location as a. Note the Metallic Particle Partially Separated from 
the Wearing Surface. x 500. 
Both Etched with 1 Per Cent Nitric Acid in Alcohol. 
to the smooth worn surface; it is evident that this transition co 
incides with the disappearance of the troostitic areas. The struc 
ture at the wearing surface of the material which is free from pri 
mary troostite is shown in Fig. 10b. The wearing surface here was 
smooth. 

NATURE OF THE PARTICLES ABRADED FROM THE SPECIMENS 


The abraded particles produced during each test varied with 
the type of wear. When smooth, filmed surfaces resulted from wear, 
the amount of abraded particles was small and the color was ver) 


dull gray or brownish-black, usually the latter. When bright, rough 
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Fig. 10a—Same Specimen as Fig. 8, Showing the Transition from the Rough to 
the Smooth, Worn Surface. This Transition Zone 1s Also Marked by the Disappearance 
of the Troostitic Areas. x 100, 

Fig. 10b—-Same Specimen as Fig. 8; Showing the Structure Adjacent to the Smooth 
Filmed, Worn Surface. The Structure is Tempered Martensite with a Few Free Car 
bides x 500. 


toth Etched with 1 Per Cent Nitric Acid in Alcohol 
film-free surfaces were formed, the amount of abraded particles 
was large and the color was a very bright gray with no trace of 
either red or black. 


Two samples of abraded particles were examined by X-rays, 


using the powder method and Mo Ka radiation, to determine whethet 


they were iron or iron oxide.? One sample (A) consisted of the 
red and reddish-black particles from the smooth and slightly filmed 
surfaces formed in testing in an atmosphere of hydrogen two speci- 
mens of 0.81 per cent carbon steel tempered at 260 degrees Cent. 


*The authors are indebted to F. Sillers, Jr., Research Associate at the National Bi 
Standards, for these X-ray examinations 
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(500 degrees Fahr.). The other sample (B) consisted of bi 


light-gray particles from the extremely rough and bright suri 


formed in testing in an atmosphere of hydrogen two specimens of 
O.81 per cent carbon steel tempered at 320 degrees Cent. (605 





erees Kahr. ). 





Sample A consisted of Fe.O, and Fe,O,. Neither free | 








nor free iron was detected. Sample B gave the pattern of hig! 





distorted iron; no lines representing iron oxides were present. | 





was no evidence, however, that very thin oxide films were not pres 





ent on the surfaces of these particles, since such thin films would 





not be detected by the X-ray examination. 





These results confirmed the supposition that the films formed 





in “oxygen-free” atmospheres under conditions producing smooth, 





filmed worn surfaces were indeed oxide films. 








DISCUSSION 


Evidence has been gathered during this work definitely con 
tradictory to Fink’s conclusion that no wear takes place between 





two metallic surfaces unless oxygen is present in the surrounding 





atmosphere. On the contrary, the absence of appreciable amounts 
of oxygen in the atmosphere surrounding many of the steel specimens 











tested was conducive to greatly increased wear. The apparent ex 








planation is that there is no opportunity for the wearing surfaces 





to become covered with a protective oxide film which prevents actual 
metal-to-metal contact. 











It is to be noted that the carbon steels tempered at the lower 
temperatures formed oxide films even when tested in gases (hydrogen 





or nitrogen) substantially free from oxygen. It was impossible to 
remove all traces of oxvgen from the interior of the cell used in the 
wear tests by flushing the cell with purified gas. When two speci- 
mens are worn against each other, as in the Amsler machine, a fresh, 
chemically active surface is probably produced which combines read- 
ily with any traces of oxygen in the cell. The frictional heat gen 
erated at the surfaces of contact naturally tends to assist this re 
action. Thin oxide films can, therefore, form on the specimens even 
in the “oxygen-free” gas. 
































The question arises why the same process does not occur with 
the carbon steels tempered at the higher temperatures. It probably 
does, but apparently the film which forms on these steels is not able 
to prevent seizing and galling and the resultant excessive wear. The 
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ick of protective action of the oxide film im such instances may be 


ependent on the physical properties of the steels. 


It has been pointed out that the steels which developed smooth, 
lmed surfaces in an atmosphere of hydrogen were those which had 
igh hardness numbers and the steels which developed rough, bright, 


Tibet Pa Sele 


aS, 


‘Im-free surfaces had lower hardness numbers. In the discussion 
the microstructures it was shown that a rough surface contour 
with a very severely distorted layer beneath was a characteristic of 
the film-free worn surface. The softer steels, when subjected to 
vear, deformed under the influence of the various stresses and it 
is postulated that the oxide film which initially formed was imme 
diately ruptured because of the deformation of the surface on which 
it formed. The ruptured film permitted actual metal-to-metal con- 
tact, seizure over small local areas, and, finally, galling and ex 
cessive Wear. 

This deformation was not so apparent in the steels having a 
smooth, filmed, worn surface. Here it is postulated that the steel had 
sufficient strength to resist the stresses developed during the wearing 
action and the oxide film had a firm base upon which to form. Once 
formed, this film maintained its continuity and further wear, as a 
rule, failed to destroy it. True metal-to-metal contact was prevented 
by the oxide film between the two specimens and as a result wear 
was relatively low. 

In certain tests rough, though filmed, areas were observed on 
specimens which were expected to show smooth, filmed surfaces (see 
Figs. 7a and 7b, 8, 9a and 9b and 10a). It has been pointed out that 
this might be attributed to the presence of troostite, i.e., the strength 
of the steels was lower in these spots. It has also been noted that 
frequently a specimen had a bright, rough, film-free surface dur 
ing one or more tests and then changed to a filmed surface. This 


phenomenon may be caused by work-hardening of the surface. In- 


itially these areas may have been too soft to support a film; after 
a certain amount of wear, however, they work-hardened to such an 
extent that they were able to support a film. This delayed film for- 
mation was noted on many of the specimens in the so-called “bor- 
derline group.” 


As the tempering temperature increased, this tend- 
ency became less marked. 

It has just been mentioned that this film, once formed, was not 
removed ordinarily by subsequent wear tests in an oxygen-free at- 
mosphere. Only two exceptions to this statement were noted; these 
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were tests made on specimens of the 0.43 per cent carbon stee! 
pered at 230 degrees Cent. (500 degrees Fahr.) and at 320 d 
Cent. (005 degrees Fahr.). In both of these cases the type of 
was initially film-free and rough and the rate of wear was 
after several tests of 10,000 revolutions each, films appeare: 


the wear rate decreased very greatly; after a few further test 
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Fig. 11—-Weight Loss—-Revolution Curves Showing 
Changes in Rates of Wear Caused by the Formation 
and Disappearance of Films. (Steel—0.43 Per Cent ib 
Carbon, Hardened and Tempered at 320 Degrees Cent 
and Tested in Hydrogen Under 60-Kilograms Load Ne 
and 10 Per Cent Slip. 
hy 
hlms disappeared and the rate of wear increased at once to its eV 
original high value. This behavior is illustrated in detail in Fig. 1] va 
The breakdown of the oxide film in these cases may possibly ul 


be explained on the basis of excessive deformation of the surface 
layer, resulting in its disintegration from severe overwork and its 
subsequent complete removal. A new surface was thus produced 
which was relatively free of any strengthening effect from cold work. 
As a consequence the wearing surfaces again became film-free and 
severe wear took place. 

It has been pointed out that the carbon steels tempered be- 
low certain temperatures had smooth, filmed, worn surfaces. It 1s 
suggested that the presence or absence of severe deformation at the 
surfaces of the specimens, that is, the relation of the strength and 
hardness of the steel and the stresses developed during 
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wearing action, determines the type of wear. On the basis 


this hypothesis, if steels having smooth, filmed surfaces were tested 


der higher loads, the stresses developed might deform the surface 
such an extent as to cause the breakdown of the protective oxide 
This might then result in the transition to film-free surfaces 
This was tried in the case of the O.81 per cent 


mM 
ind severe wear. 
irbon steel tempered at 260 degrees Cent. (500 degrees Fahr.), 
ut although the load was raised in steps from 60 to 150 kilograms, 

was impossible to secure film-free surfaces with this steel. The 
icrostructure adjacent to the wearing surface of a specimen of this 
teel tested under a load of 150 kilograms showed no more distor- 
tion than in the same steel tested under a 60-kilogram load. 

The microscopic study of the structures adjacent to the worn 
surfaces indicated how wear took place. Deformation of the sur- 
face layers of the metal was particularly severe in the case of speci- 
mens which had film-free surfaces and severe wear. ‘This severely 
deformed metal was characterized by numerous lenticular areas which 
were partially, at times almost completely, outlined by cracks result 
ing from the severe overwork suffered by the surface metal. These 
cracks were gradually enlarged and formed paths for the fracture 
of metallic particles which were then considered to be ‘worn off.” 
(his process is especially well illustrated in Figs. 5b, 6b, 7b and 9b. 

Deformation of surface layers of metal was much less notice- 
able in specimens which had smooth, filmed surfaces and light wear. 
Severe cold work of the surface frequently took place as evidenced 
by numerous cracks below the surface. In these specimens, how 
ever, the fissures produced by overwork were generally more or less 
parallel to the wearing surface and did not outline lenticular areas 
such as were characteristic of the type of wear producing rough, film 
free surfaces. 


SUMMARY AND CONCLUSIONS 


\ study has been made of the influence of oxygen in the atmos 
phere surrounding specimens of carbon steels subjected to metal 
to-metal wear. This work has been undertaken as the initiation of 
a series of studies of the fundamental factors involved in the wear 
of metals. These factors have hitherto received too little attention. 

An Amsler machine was used to make wear tests on specimens 

| a hypoeutectoid, a eutectoid and a hypereutectoid carbon steel. 
‘ests were made, both in air and in oxygen-free atmospheres (hydro- 
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gen or nitrogen), on specimens which had been given different 


treatments. Microscopic examinations were made of the struciures 





below the wearing surfaces of the specimens after wear tests. 
> 





The data obtained indicated: 








1. The rates of wear of all the steels when tested in air wer 








low and the worn surfaces were smooth and covered with oxide films. 


2. The rates of wear of the steels tempered at low temperatures 








and tested in an oxygen-free atmosphere were also low and the sur- 








faces were smooth and filmed with oxides. These films, however. 
were lighter in color and apparently thinner than the films formed 
during tests in air. 














3. The rates of wear of the steels tempered at higher tem 





~ 


peratures and tested in an oxygen-free atmosphere were very high 





and the surfaces were very rough and free from film. 








4. Microscopic examination of the specimens having smooth, 





filmed, worn surfaces showed that the structures adjacent to these 





surfaces were somewhat distorted and occasionally contained cracks 





approximately parallel to the wearing surface. The contours of the 





worn surfaces appeared smooth even under the microscope. 





5. The microstructures adjacent to rough, film-free, worn sur 





faces were very severely distorted. Numerous cracks, frequently 


outlining lenticular areas of distorted metal, were characteristic of 











this type of wear. The contours of these surfaces appeared ex 
tremely irregular under the microscope. 











6. The results of this study are contradictory to Fink’s con- 
clusion that no wear takes place between metallic surfaces if oxygen 
is absent from the surrounding atmosphere. On the contrary, at 
least under certain conditions, the absence of oxygen is conducive 
to greatly increased rates of wear. 




















DISCUSSION 





Written Discussion: By George F. Comstock, metallurgist, Titanium 
Alloy Manufacturing Co., Niagara Falls, N. Y. 

We have made a few rough wear tests on cast iron that support the 
authors’ experience as described at the top of page 597 which might theretor« 














be worth mentioning in connection with this paper. Our tests were made on 
gray cast iron, by rubbing a chilled iron plate back and forth across the ends 
of cylinders 1% inch in diameter without any lubrication and in such a way 
that the abraded particles fell clear of the rubbing surfaces. With a pressure 
of about 36 pounds, the amount of gray iron lost by wear was about 8 to 12 
grams per hour, depending on the kind of iron, and it was in the form of rather 
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arse gray dust like fresh filings. This of course is an enormously greater 
te of wear than would ever be encountered in practical use of cast iron 

When only about 4 pounds pressure was used on specimens of the same 

ons. the loss was only 0.1 gram in 24 hours, and it was in the form of 
<tremely fine red dust. With the pressure raised to about 17 pounds at the 
‘me surface the result was similar, the loss being negligible and in the form 
fine red dust. Using about the same pressure at a fresh position on the 
white iron plate, however, the loss of the gray iron specimens was 7 to 8 grams 
gray dust per hour. When the pressure was decreased, there was again 
practically no loss. This seemed to indicate that metal surfaces might be so 
burnished by previous rubbing as to show practically no wear under conditions 
that would produce rapid wear on fresh surfaces; and that a very slight 
change in pressure might be sufficient to alter the charatter of the action from 
such as will produce almost no wear to a comparatively rapid form of abrasion 
(his characteristic of our method of wear testing meant that the results had 
little practical value, so that we stopped using it. The authors’ paper leads to 
the suspicion that all wear tests may be subject to the same difficulty in adjust 
ment for a reasonable rate of action, and the writer would be interested in their 
opinion as to the justification for that conclusion. 

Written Discussion: By Robert B. Freeman, Teaching Fellow in 
Mechanical Engineering, California Institute of Technology, Pasadena, Cali 
lornia. 

The paper by Messrs. Rosenberg and Jordan is very interesting and bene 
ficial in view of the fact that much is yet to be learned regarding the wear of 
metais and the many factors that influence their wear. 

Tne disagreement of the authors with the results obtained by Max Fink 
are of considerable importance. In regard to this disagreement, work carried 
on by C. J. Malmberg and reported in Jerkontorets Annaler, November, 1930, 
under the title “Redogooerelse foer Noetningsundersoekningar i Amslermas- 
kine” (Test of Endurance Properties in the Amsler Machine) seems to sub- 
stantiate somewhat the results found by the present authors. Malmberg found 
that the wear of rail steels in experiments on the Amsler machine was con 
siderably less in an inert atmosphere than it was in air. 

Malmberg also comments on the wearing films. He found that when the 
wearing surfaces are traveling in the same direction at the point of contact, 
but with different speeds, the wearing powder fastens itself on the cylinder 
having the highest speed regardless of its position on the machine. The wear 
ing film seems to protect the cylinder from wear. In this case the wearing 
dust was composed of about 75 per cent iron and combinations of oxides. In 
case, however, the cylinders rotate so that the points of contact are traveling 
in Opposite directions, only a pure metal dust was obtained. 

Max Fink and Ulrich Hofmann have further explained the theory of “Wear 
Oxidation” in a paper entitled “Zur Theorie der Reiboxydation” (On _ the 
(Theory of Wear Oxidation) published in Archiv. fuer das Eisenhuttenwesen, 
October, 1932. In studying the wear of metals they made analyses of the wear- 
ing dust. In this way they could find the percentages of the iron and the 
various oxides. It seems in the case of the present work done by Rosenberg 


ind Jordan some such analyses should have been made. Perhaps this would 
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give a clue as to the reason for the disagreement between Fink’s resu|t 
those of the present authors. In case the wearing dust obtained at the | 
of Standards contained oxides, it would indicate that oxygen was p» 
and Fink’s theory would not be disproved. 

Written Discussion: By D. E. Ackerman, research laboratory, 
national Nickel Company, Inc., Bayonne, N. J. 


The formation of oxide films on the surfaces of metals which are in 







tional contact is of importance to those interested in the wear of metals 
two reasons: (1) Dr. Max Fink of the Technische Hochschule at Aa 
Germany, has suggested that wear proceeds by the formation of oxide o) 
rubbing surfaces; the oxide is then torn off by the abrasion and the prevent; 













of wear resolves itself into the problem of denying access to the points of fr; 


ir 


tional contact to oxidizing media; (2) the formation of oxide films on labora 
tory specimens under testing conditions which appear to be identical with thos: 
obtaining in certain types of service involving rather heavy unit pressures, in 
which such films are not observed, renders difficult the interpretation of such 
laboratory tests. 

Some years ago, while engaged in an Amsler machine study of the wea: 
of chilled cast irons, the writer briefly studied the effect of test atmosphere 
Test conditions included specimens 7 centimeters in diameter by 1 centimete: 
thick, 10 per cent slip between specimens, a lower specimen speed of 210 r.p.m., 
20-kilogram load and nominally room temperature. The specimens were en 
closed in a chamber into which nitrogen, freed from oxygen by passage over 






) 



















hot metals, was passed. This method of gas purification, suggested by N. B 
Pilling, has the important advantage of yielding a gas whose oxygen content 
is known (since the dissociation pressures of metal oxides at various temper 
atures are accurately known) and controllable; furthermore, it avoids the use 
of liquid absorption reagents. The wear of an unalloyed chilled iron containing 
3.52 per cent total carbon and 0.85 per cent silicon (Brinell hardness number 

512) in commercial nitrogen appeared to be about the same as when tested 
in air; an oxide film formed rapidly in both cases. When tested in nitrogen 
purified by passage over iron held at 850 degrees Cent. (1560 degrees Fahr 
however, the wearing surfaces remained clean and free from oxide, while the 
wear became 2.5 to 6 times as great as before. 

As mentioned at a previous meeting of this Society,’ these results are ap 
parently not in agreement with Fink’s observation that wear occurs only when 
oxygen is present. The authors’ data on steels also demonstrate that the rate 
of wear of these materials remains constant or greatly increases as the oxygen 
content of the test atmosphere is decreased to very small values; Dr. Fink's 
theory of wear requires, on the contrary, that the rate of wear should decreas¢ 
under these conditions. It thus appears that, unless it can be shown that the 
further progressive reduction of the minute oxygen content of the atmospheres 







used in the authors’ and the writer’s experiments results in a reversal of be 
havior, Dr. Fink’s theory is in error. 

Table I shows the rate of wear of the steel is independent of the oxyge! 
content of the test atmosphere; the author’s opinions as to the reason for this 





1D. E. Ackerman, ‘Discussion of Resistance to Wear of Carbon Steels,’ Transact! 
American Society for Stecl Treating, Vol. 19, 1932, p. 265. 








cl 
\ 
t} 
a 
: t| 
. ¢ 
Fi t 
eS 
hs t 
Es 
¥ 
b t 
5 } 
e 
ES 1 
3 | 
Bs. 
” i 
: , 
= 
ry 





DISCUSSION—WEAR OF STEELS ov] 


dependence would be of interest. Were films of wear products formed during 

se tests? If the authors could make further studies using the gas purification 
thod. as well as the test conditions, adopted by Fink, the results would be ot 
ich interest. 

The writer has tested chilled alloy cast iron containing 3.45 per cent total 
irbon, 1.01 per cent silicon, 4.43 per cent nickel and 1.34 per cent chromium 
Brinell hardness number 713) under the same conditions used for the 
nalloved chilled iron. In air the unalloyed iron wore from 5 to 12 times as 
ist as the alloy iron; the absolute rate of wear of the latter was not materially 

anged when run in purified nitrogen instead of air, for in both cases oxide 

ims formed which, though very thin, were sufficiently thick to prevent metal 

to-metal contact over a large portion of the wearing surfaces. The data suggest 

that under a given set of conditions of pressure slip, ete., a given metal pos 

cesses what might be called a “characteristic” rate of wear which will be 

exhibited in the absence of lubricating and protective films and which will be 

ereater as the hardness of the metal decreases. Under the same set of condi 

tions the metal exhibits a certain rate of oxidation; if this is smaller than the 

characteristic rate of wear metal-to-metal contact, resulting in high rates of 

oor wear, persists. In the reverse case a protective oxide film forms which reduces 
“ees the rate of wear. The authors’ results appear to be in general agreement with 
— his rule, but the theory advanced by them at the top of page 595 seems incap 
P.m., able of explaining the formation of an oxide film at will on a given metal 


through control of the oxygen content of the test atmosphere. 


abs gna 8 Bek RNS 


Some students of the wear problem are of the opinion that bacause of 


their considerable mineralogical hardness, oxides on the wearing surfaces should 
ntent ‘ e . om 
tend to inerease the rate of wear over that shown by bare metal surfaces. That 


Eg 
x 
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rit they have the reverse effect is probably due to the fact that the relative slip 

i at the oxide film-metal interface is much less than at the oxide-oxide interface 
in hetween two specimens; apparently, also, the mode of formation of the oxide 
we particles is such that these assume a form which tends to permit them to roll 
aan or slide along the metal surface on which they occur. The authors’ comments 


immediately below Fig. 5, that the metal surfaces of filmed specimens were 

only slightly distorted, might be construed as supporting these views. 
Under some conditions the oxide film forming on the unalloyed chilled 
iron was found to break down periodically, scattering much fine iron oxide. 
When the specimens were nearly bare breakdown ceased and the film gradually 
hecame heavier again; the torque periodically decreased as the oxide film 
— thickness increased. The authors observed a similar phenomenon, and _ at- 
a. tributed it to excessive deformation of the surface layer of metal of the speci- 
satin men. In view of the known properties of finely divided particles this assump 
= tion appears unnecessary and considering the amply demonstrated fact of the 
protection afforded the underlying metal by oxide films, it is not clear why the 
surface of this underlying metal should become deformed to the point of dis- 
integration at the time when the protective film of oxide is thickest. Possibly 
this phenomenon resulted simply from a type or shape of oxide particle which 
could be compacted into coherent films only when present in limited quantities. 
In conclusion, it may be said that the Amsler machine has proved itself a 


useful tool for evaluating materials for some specific types of service, but that 
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it is hardly suitable for use in developing a comprehensive theory of 
Such a theory might well be based upon the physics of metal surfac« 


it is to be hoped that the authors can extend their valuable work in that 















tion. 

Written Discussion: by Dr. Ing. Max Fink, Technische Hochs 
Berlin-Charlottenburg, Germany. Translated by S. J. Rosenberg. 

1 have read, with great interest, the results of the wear tests of st in 
different atmospheres reported by Messrs. Rosenberg and Jordan. It is grati- 


fying that the question of the influence of the oxygen of the surrounding mediym 
upon the wear of metals has again been opened by the work of the 


named investigators. 


above- 


However, the results of this work represent only an attempt towards a 


complete explanation of the question of the influence ot oxygen and, on the 
basis of my own work, cannot be considered as a sufficient explanation. 

In the work of Rosenberg and Jordan mention is made only of the tw. 
of my papers which were published in 1929 and 1930; I assume, therefore. that 
these investigators are not acquainted with subsequent work published as fol- 
lows: 

1. Temperature as cause of friction oxidation (Temperatur als Ursache 
der Reiboxydation), Stahl und Etsen, 1932, page 42. 

2. The phenomenon of friction oxidation with electrolytic copper (Die 
Erscheinung der Reiboxydation bei Elektrolytkupfer), (together with Dr. U 
Hofmann), Zeitschrift fiir Metallkunde, 1932, page 49. 

3. On the theory of friction oxidation (Zur Theorie der Reiboxydation), 
(together with Dr. U. Hofmann), Archiv. fiir das Eisenhiittenwesen, Vol. 6, 
1932-33, page 161. 

4. The wear of metallic materials through friction oxidation. On the 
question of the origin of fatigue failures. (Die Abuntzung  metallischer 
Werkstoffe durch Reiboxydation. Zur Frage nach der Entstehung des Dauer- 
bruchs), (together with Dr. U. Hofmann), Metallwirtschaft, Vol. 13, 1934. 


























page 623. 

In these papers (of which reprints of the three last named are enclosed 
for Messrs. Rosenberg and Jordan), the phenomenon of “friction oxidation” 
(a designation better than “wear oxidation”) is described and theoretically 
evaluated for metals other than steel, namely for electrolytic iron, electrolytic 
copper, and pure nickel. The results of the work described in these papers and 
certain new facts which have not yet been published, are utilized in this dis- 
cussion, 

Repetition of Fink’s Experiments. In the repetition of the wear tests under 
similar conditions and with similar material in “oxygen-free” nitrogen as well 
as “oxygen-free” hydrogen, Rosenberg and Jordan find oxidized wear. When, 
however, oxidized wear occurs, some oxygen is present in the gas cell, either 
because of an insufficient purification of the gases, or of a not entirely tight 
gas cell, or an incorrect construction of the apparatus. These difficulties were 
all encountered in my tests and I will, in the following short description, show 
how these difficulties were overcome. 

Purification of the Gas. In Fig. 1 is shown schematically the method of 
purifying and drying the gases. The nitrogen was first passed over incan 
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ent copper chips in a porcelain tube (A) 60 centimeters long. Originally 


one tube was used, later two, and finally four tubes of copper chips were 

in order to be certain that the gas would be oxygen-free during lengthy 
ts Then follows a further removal of any remaining oxygen by means of 
sphorus sticks (B), of which 1000 grams were used. Finally sublimed phos 
ric acid was precipitated in two wash bottles (C). In order to be sure 
tthe last trace of oxygen was removed, three wash bottles of pyrogallic 
d (D) were connected and finally a series of drying towers (E, F). (G) 
a hvgrometer for the determination of the moisture of the gas, (H) is the 


s cell and (1) the outlet of the gases under water. Through observation of 


» NaOH Pyrogs/o/* H2SQ, . aoe 
+KOH OOS CC 


Ngan Aygro meten 


1—Schematic Diagram of the Method of Purifying and Drying Gases 


Copper Millings in Porcelain Pipe E, F—Drying Apparatus 
‘Phosphorus in Small Sticks G—Hygrometer 

Adsorber for Phosphorus Gas H—Gas Cell 

Adsorber for Last Impurities of O. J—Gas Outlet Under Water 


the gas bubbles at (1) the tightness of the gas cell could be determined and the 
velocity of the gas stream regulated. Analytical chemical tests of the gas 
purified in this manner always showed completely oxygen-free gas, which was 
not surprising, since the materials used for gas analysis are also employed in 
large quantities in the purification process. 

\ more sensitive indication than the analytical chemical test of the gases 
consists of the observation of the frictional moments between the two wear 
test disks. In the Amsler testing machine these frictional moments can be 
read immediately. In case the gas is not completely free of oxygen, the fric- 
tional moment rises; e. g., when air is intentionally introduced into the oxygen- 


Iree gas. 


When this occurs, an immediate rise in the frictional moment may 


he observed, caused by the instant combination of the oxygen and the metal 
surface and therewith a change of the metal surface. 

\nother method for purifying of oxygen gas, which avoids the use of 
ellow phosphorus, consists of the arrangement shown in Fig. 2. The gas to 
purified is led through two wash bottles containing copper screens in a 
solution of ammonium carbonate (A). 


Two 


In order to remove the ammonia vapor, 
additional bottles containing concentrated sulphuric acid were placed in 


ries, 


The stream of gas was then led over incandescent copper millings. 
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The method proposed by Binder and Weinland* for the detection oj 
amounts of oxygen proved useful. In this process the oxygen combir: 
the pyrocatechol ferrous sulphate solution used as the reagent to fo; 
intensely red colored tripyrocatechol ferric sulphuric acid Fe(C,H, H 
The production of completely oxygen-free hydrogen is thus accomplish« 
It was possible to produce a really oxygen-free gas with both oi 
described methods. Rosenberg and Jordan used principally hydrogen (possibly 
because of the greater ease with which it may be purified of oxygen), while | 
used nitrogen in my wear tests. The use of hydrogen demands particula: 
tion in the construction of the apparatus, of which I shall now speak. 
Tightening the Gas Cell. Beside the purification of the gas, the attachment 
of a gas-tight cell to the Amsler wear testing machine, which is not designed 


for such an attachment, offered the greatest difficulty. After many trials an 





Millings 






Solution of 
Ammonium 
Cerbonate 


Fig. 2 












Second Method of Purifying Oxygen. 






arrangement was finally approved in which tightness was secured as in Fig. 3 

A tightly adherent rubber collar (1) was first slid over the shafts; over 
these went the brass disks (2) which fitted closely over the rubber collars; 
these brass disks were pressed against the hardened outer ring (4) of the ball 
bearing by means of a conical spring (3). Before assembly, the gliding surface 
of the brass disk was ground in against the outer ball bearing ring. By using 
a small amount of grease, the brass disk (2) ran exceptionally well against th« 
outer ball bearing ring (4) and made a gas tight joint. By means oi this 
arrangement leakage of gas through the bearing was prevented. Both sides of 
the gas cell consisted of rubber plates (5), which overlapped a lacquered iron 
ring (6) and were pressed firmly against it by means of two steel bands (7) 
in order to make a gas tight joint. This arrangement resulted in an absolutely 
gas tight cell. The frictional moment could be ascertained without difficulty and 
the small friction caused by the brass disk (2) on the steel ring (4) could be 
compensated for. 

Correct Construction of the Apparatus. In spite of careful purification 
of the gases and the use of a gas tight cell, a large amount of air can remain 
in the cell because of an incorrect arrangement of the gas cell, even after long 
periods of flushing with gas. 

















2Binder und Weinland, Berichte der Deutschen Chemischen Gesellschaft, Vol. 46, 1913, 
p. 256. 
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It appears to be that such an error occurs in the apparatus of Rosenberg 
4 Tordan. The inlet for the gas is placed in the lower third and the outlet 
the upper third of the cell. 

For the use of the cell with hydrogen. This arrangement should abso- 


Ue Y 


eke Pate = 


Fig. 3—Gas-tight Cell 
oped for Testing Machine. 


|" 


' 


Correct Wrong 


Fig. 4—Sketch Showing Correct and 
Incorrect Method of Hydrogen Gas 
Flow. 


lutely be abandoned since hydrogen is an extremely light gas. For use with 


1 


hydrogen the inlet for the gas must be placed at the highest point in the gas 
cell and the outlet at the lowest point. See Fig. 4. 
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Through such an arrangement as Jordan and Rosenberg happene 
a large amount of air is let in the lower part of the gas cell and lead 
appearance of oxidation upon the surfaces of the test disks, even with “ 
free” gas. 

Another point to which consideration should be given is the velo 
the gas. If this is too high, thorough purification of the gas cannot 
complished, thus causing the presence of large amounts of oxygen in the gas 
cell. 

All tests in which attention was paid to the measures just mentioned op 
electrolytic iron, steel, electrolytic copper, and pure nickel under 50-kilogram 
load and 1 per cent slip in oxygen-free nitrogen showed no wear and mirror- 
like wearing surfaces. 


The sentence in the report of Rosenberg and Jordan that according to my 


theory “wear occurred only in the presence of oxygen” is in this general drajt 
not a conclusion of my theory. Already in my publication in TrRANsactions 
in 1930 I have mentioned that oxidation becomes an essential component of wear 
(but naturally not the only component!) the three components of wear being 


1. Mechanical removal of metallic particles 

2. Cold hardening or better, plastic flow metal by the pressure during the 
wearing process 

3. Friction oxidation. 


When, for instance, the part played by slip with rolling friction in oxygen-fre 
nitrogen with the corresponding load (50 kilograms) is increased, the frictional 
forces become so great that mechanical separation of metallic particles follows, 
also wear without the presence of oxygen. Hence the phrase “wear occurred 
only in the presence of oxygen” should be referred only to wear oxidation or 
friction oxidation. 

Rosenberg and Jordan show in Fig. 3 the photograph of two worn steel 
specimens with ripples or corrugations. The ripples originate because of the 
conditions of test which are present through oscillations of the load, through 
which the seizure of the gears in the Amsler machine is relieved. The result 
is a rhythmical weakening and strengthening of friction oxidation which causes 
the irregular wear. (See also Fig. 6 of paper reported in footnote 3.) If test 
specimens which have formed ripples by being tested in air are then tested 
in oxygen-free nitrogen, it is a surprising fact that the ripples disappear and the 
test surfaces become mirror bright. 

The use of 10 per cent slip, which Rosenberg and Jordan used in their 
tests, means that, for the softer materials, the limit of the strength of the 
material has been exceeded so that mechanical separation of metallic particles 
follows. In the hardened steels the particles resist the mechanical separation. 
If such steels are tested in nitrogen or hydrogen which is not completely oxygen- 
free, the formation of oxide films naturally takes place. 

With further reference to the oxide films, it may be noted that they are 
present only at the beginning of a wear test. The film forms to a certain 
thickness (approximately 6/1000 millimeter) and chemically to a certain degree 
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83Max Fink, ““Wear Oxidation, A New Component of Wear,’’ Transactions, American 
Society for Steel Trating, Vol. 18, 1930, p. 1026. 
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oxidation, which is evidenced by a blackish coating. If this stage is reached, 

n the metallic material oxidizes further and produces dark abrasion powder 
-ithout however enabling one to speak of a “film.” The appearance of the 

m is evidenced in the change of the frictional moment. During the forma- 

n of the “film” the frictional moment increases continually ard reaches its 
ighest value with the completion of the black-colored film (while this is yet 
ntact on the wearing surface). The destruction of the film then occurs, the 
blackish wear-powder flakes off and the frictional moment again decreases to a 
lower value. Thus, the actual film is formed really only one time, namely, at 
the beginning of the wear of metallic particles. 

For the sake of completeness it should be mentioned that friction oxida- 
tion also occurs with sliding friction, when the specific surface pressure is low 
(approximately 0.5 kilograms per square centimeter) and the speed of slip 
is not too high. 

While the X-ray examination‘ of the wear-powder resulting from rolling 
friction gave FesO., FesOs and metallic iron (in confirmation with Rosenberg 
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Fig. 5—Dependence of Frictional Moment on the Pro- 
duction of the Film on Electrolytic Iron. 


















and Jordan, no FeO), the wear-powder resulting from sliding friction under 
low pressures was a reddish powder which consisted almost exclusively of 
Fe:O;. Thus in this case oxidation is almost complete. 

In the diagram of Fig. 5, the dependence of the frictional moment on the 
production of the film in specimens of electrolytic iron is shown. The electro- 
lytic iron rollers were run first in oxygen-free nitrogen, then air was admitted 
to the cell and the formation of the oxide film began. 


> |The X-ray examinations were made by Dr. Ing. U. Hofmann, Technische Hochschule. 
Berlin-Charlottenburg. 
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nber 


From point A—A’ the load was 50 kilograms, then after the surfa 
been smoothed by the load of 50 kilograms, the frictional moment dropp: 
13 kilogram centimeters to 7 kilogram centimeters. Then the load was 
to 100 kilograms. The frictional moment increased again to 14 kilogram 
meters, since, because of the increased load, new particles of the wearing syr- 
faces came into contact. After the smoothing of these surfaces the frictiona| 
moment dropped to 5 kilogram centimeters, whereat the wearing surfaces became 
mirror bright, no oxide film and no wear was observed with further testing 
until the point C. At C air was passed through the gas cell and the frictiona| 
moment increased immediately, an indication that the wearing surface had 
undergone a chemical change. The oxygen of the air is violently attracted by 
the wearing surfaces and this results in the formation of an oxide coating with 
the typical color of thin films. At point D the oxide film has spread over the 
entire wearing surface; the color of the coating shortly before point E is brown. 
At point E black spots become evident in the brown coating, oxidation proceeds 
further, no wear has occurred as yet; at point F the destruction of the film 
begins, blackish wear-powder begins to fall from the specimens and the fric- 
tional moment, which had reached a maximum of 117 kilogram centimeters 
with the undamaged film, now dropped with further testing to approximately 
70 kilogram centimeters at which value it remained. If the specimens are 
removed from the machine at point F and weighed, it can be established that 
up to the point F the weight of the specimens has increased because of the 
absorption of oxygen. The increase in weight usually amounts to 0.0010 — 
0.0015 gram. 

Theory of Friction Oxidation. A thorough explanation has been given 
in another place.° The cause of friction oxidation must be sought in the defor- 
mation caused by the rubbing of the specimens upon each other. Because of the 
influence of mechanical forces upon the metallic crystals the material of the 
wearing disks is deformed at the surfaces. During this change the regular 
arrangement of the atoms in the crystals is distorted. This causes a change 
in the saturation of the bonds within the lattice so that the atoms possess an 
increased activity. This was proven in the case of electrolytic copper. 

Copper disks were tested in oxygen-free nitrogen and the contacting sur- 
faces were deformed and became mirror bright. After a certain period of 
testing the rollers were removed from the gas cell and weighed. The follow- 
ing was observed : 


> had 
irom 
‘aised 


centi- 


Upper Lower 
Weight of the Rollers Grams Grams 


Before running in No 98.1499 74.7738 
Immediately her sunning in Noa... .s0s ssc 98.1499 74.7738 
2 bours after running in Ne 98.1511 74.7753 
17 hours after running in Ny 98.1513 74.7754 
24 hours after running in No» 98.1513 74.7754 


These increases are shown diagrammatically in Fig. 6. 


Whereas according to the researches of Ruer and Kuschmann® there occurs 
an oxygen pickup of 4.08 milligrams on an undeformed copper surface of 9000 


5Archiv fiir das Eisenhiittenwesen, Vol. 6, 1932-33, p. 161. 
®*Zeitschrift fiir anorganische und allgemeine Chemie, Vol. 173, 1928, p. 233. 
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tare centimeters in 588 hours, there occurs in the case just given, on plas- 
ee deformed copper surfaces of 12.8 and 11.8 square centimeters respectiy ely, 
exuia pickup in 17 hours of 1.4 and 1.6 milligrams of oxygen respectively. 
his means that the plastically deformed copper surfaces have taken up about 
7) times as much oxygen, due to the increased activity of the plastically de- 
med surface crystals. With this increased reactivity of the deformed zones 
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Fig. 6—Increase in Weight of 
Copper Disks. 


there occurs simultaneously a thorough impregnation of the metallic crystals 
with the absorbed oxygen and with the thin oxide layers present on the surface. 
By these means oxygen can now penetrate relatively deeply in the metal surfaces. 
Because of the penetration of oxygen to this depth and the formation of oxides 
at the reactive, distorted portion of the metallic lattice, there also now occurs 
the formation of an oxide film and finally, after the resultant increase in the 
frictional moment (because of the oxide itself), oxide wear occurs. 

Friction oxidation is of importance in wheels and rails, gear teeth, and ball 
and roller bearings. It also occurs under oil inasmuch as the metallic surfaces 
subjected to wear take up the oxygen dissolved in the oil. 

By way of summary the following points have been discussed : 

‘ The tests of Rosenberg and Jordan cannot be said to duplicate the 
tests of Fink since the occurrence of oxidation in their tests is an indication 
that oxygen-free gas was not used in the cell. 

2. The use of 10 per cent slip is too great for the softer materials, since, 
in this case, the component of the removal of metallic particles predominates 
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It may be mentioned that in the case of wheels running on rails, a max 


um 
slip of about 5 per cent occurs. 

3. The field of friction oxidation is concerned with rolling friction with 
proportionately large surface pressures and small degrees of slip (50 150 


kilograms, 0 4 per cent slip). With sliding friction, the field of friction 
oxidation is concerned with 100 per cent slip and low surface pressures approxi 
mately 0.5 kilograms per square centimeter), thus presupposing unhardened 
material. 

4. Ojijl does not protect against friction oxidation since oxygen is dissolved 
in the oil. Recent tests have shown that through the addition of graphite jy 
colloidal form, friction oxidation can be diminished. 

O. J. Horcer:' It is observed that in Fig. 6 on page 589 of the paper, the 
crack is shown below the surface and parallel to it, as if to indicate that this 
crack developed below the surface. In some of the pictures shown elsewhere. 
the cracks seem to begin from the surface and go down in, and there seem to 
be two theories on failures of this nature. One is that the cracks develop on 
the surface and progress down below so that failure in tension is developed 
in this sort of a setup. The other theory of failure is that the cracks develop 
below the surface due to maximum shearing stresses and come up to the sur 
face. I would like to ask this question—whether the authors were able to arrive 
at any conclusions as to whether failure began below the surface or on the 
surface, and also if this observation was made—if in case failure developed 
below the surface, if this depth of failure bore some definite relation to the 
contact width of the specimens under the test load? 

J. T. MacKenzie: I| am interested in the Fig. 8 on page 591 of the paper 
showing the Rockwell readings on the worn surface. I would like to ask Mr. 
Jordan if he believes that those Rockwell values are really the values of the 
metal or that the low readings are due to the condition of the surface. We 
have found that it is very necessary to get through any rough surface before 
making a Rockwell test if we expect to get anything like the actual hardness 
value of the metal. 

Another thing | would like to know is how he gets these beautiful edges 
at 500 diameters. 

A. B. Kinzev:’ It is possible that the contradiction between the results of 
the Fink paper and those shown by the authors is apparent rather than real, in 
that we lack a comprehensive theory of wear. No doubt both sets of results 
were accurately measured and reported, and the conditions of the material and 
the experiments led to the differences in the results. That oxide films may 
reduce wear has been clearly shown in this paper, but that they can increase 
wear has also been definitely shown, as has the fact that the mechanism of 
wear in certain types of applications may be due to oxide film formation and 
removal. An illustration of this is probably afforded by the service require- 
ments in sand dredge work, although various types of steel, including high 
carbon and high hardness, have been used. The steel that has proved to be 


*Timken Roller Bearing Co. 
SMetallurgist, American Cast Iron Pipe Co., Birmingham, Ala. 


®*Metallurgist, Union Carbide and Carbon Co., New York City. 
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most satisfactory and is now in regular use contains 4 to 6 per cent chro 
‘am. This is in accord with the theory that the improved corrosion resistance 
ven by the chromium reduces the rate of oxide film removal. The fact that 
( amount and the distribution of carbides in the 4 to 6 per cent chromium 


els are not materially different from those found in one or two other steels 


rested in this application indicates that the above explanation is the probable one 


Authors’ Closure 


The authors wish to thank Mr. Ackerman for his confirmatory remarks 
With regard to the figures given in Table | of the paper, the authors are of 
the opinion that the reason the rates of wear of the steels in air, nitrogen and 
hydrogen were of about the same low values was because the steels were tested 
under lower loads and considerably less slip than was necessary in order to 
produce heavy, film-free wear. The tests summarized in Table I all resulted in 
the formation of oxide films. The comments of Mr. Ackerman himself, as 
given in the fifth paragraph of his discussion, afford an explanation for the 
similar rates of wear of the specimens as given in Table I. 

The authors are very glad to have the comments of Mr. Freeman. There 
is apparently some confusion in Mr. Freeman’s statement that the results of 
Malmberg’s work on rail steels confirmed the results found in this paper, in 
that Malmberg found that the wear of rail steels in the Amsler machine was 
considerably greater in air than in an inert atmosphere. Mr. Freeman may 
have had in mind Table II of the present paper in making that comment. In 
that table the rate of wear of the specimens tempered at the low temperature, 
260 degrees Cent. (500 degrees Fahr.), was of the order of a few thousandths, 
and at the most, 2 hundredths of a gram per 10,000 revolutions, whereas the 
wear in oxygen and air was always of the order of about 3 hundredths of a 
gram. This is probably not a very significant difference but it is possibly the 
explanation for Mr. Freeman’s statement. The experience of Malmberg, that 
when the wearing surfaces are traveling in the same direction at the point of 
contact, but with different speeds, the film formed on the cylinder having the 
highest speed is the heaviest, has also been their experience.” 

Although no chemical analyses were made of the particles abraded from 
the wear specimens in the authors’ test, X-ray examinations were made to 
ascertain whether or not some form of iron oxide was present. As noted in 
the body of the paper, the presence or absence of iron oxides depended upon 
the type of wear. The question of whether or not oxygen was present in the 
inert atmospheres is considered in that part of these remarks devoted to Dr. 
Fink’s discussion. 

The experience related by Mr. Comstock is quite interesting. It is un- 
doubtedly true that in the case of metal-to-metal wear, changes occur in the 
character of the contacting surfaces and the metal immediately adjacent to them. 
Such changes have a marked influence upon both the type and rate of wear. 
lt has frequently been observed that localized cold working at the metallic sur- 


laces of wear specimens can increase the resistance to wear. Such a phenomenon 


Samuel J. Rosenberg, “‘The Resistance to Wear of Carbon Steels,’’ Transactions, 
American Society for Steel Treating, Vol. 19, 1932, p. 247. 
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Sey 





is particularly evident in certain materials (for instance, 12 per cent 














in 

ganese steel). This is one of the many reasons which makes wear tests dillicy) 

of evaluation and is but one of the many variables which investigators iys, 
consider when engaging in wear testing. 

The authors are deeply grateful to Dr. Fink for his careful dis n 

They were, indeed, familiar with the various papers of Dr. Fink with reference 

to friction oxidation published subsequent to those mentioned in their paper, by 





felt that the same thought was expressed in all of them. 








If for no other reason, Dr. Fink’s discussion is valuable for the fact that «o 
far as the authors are aware, it gives a comprehensive and detailed dese 
tion of his test methods and apparatus for the first time. His discussion covers 
so much ground that it is impossible for the authors to consider all of it in their 
closure; certain pertinent points will be mentioned, however. 




















With reference to Dr. Fink’s comments on the construction of the gas cell, 
the authors wish to point out that they at first attempted the use of rubber in 
a manner somewhat similar to that described by Dr. Fink. The use of rubber 
proved entirely impracticable, however, because of the fact that oxygen diffuses 
through rubber, introducing appreciable amounts of oxygen in the inert gas 
(either hydrogen or nitrogen) used in the gas cell. 

















There is undoubtedly some basis for Dr. Fink’s contention that the author's 








gas cell should have been arranged as shown on the left side of his Fig. 4. The 





arrangement used by the authors, however, is not so bad as that pictured by 





Dr. Fink. Eddy currents caused by the inflow of the gas are sufficient to 
cause a general clearing of the atmosphere within the cell in a comparatively 
short time. The relative densities of the various gases, however, do not seem 
to be pertinent since the authors obtained the same results when using either 
hydrogen or nitrogen, the latter having, of course, almost the same density as 
air. As noted in the paper, gas analyses failed to indicate the presence of 
oxygen in the gas leaving the cell. This did not prove, however, that no oxy 
gen was present in the cell. Even if the gases used were absolutely purified 
of oxygen and the cell completely flushed out, the oxygen adhering to the walls 
of the cell, and, indeed, to the specimens themselves, could never be flushed out. 
Naturally this condition also exists in Dr, Fink’s cell. The authors make no 
claim to having made the tests described in their paper in absolutely oxygen- 
free atmospheres. On the contrary, they note that their tests were made “in 
gases (hydrogen or nitrogen) substantially free from oxygen” (page 594). They 
believe that this statement may also be applied to Dr. Fink’s tests. 

If the authors are correct in their understanding of Dr, Fink's discussion, 
Dr. Fink thinks that the excessively heavy, film-free wear suffered by certain 
specimens tested in hydrogen or nitrogen is due to the fact that the conditions 
of wear were too severe for the materials tested. Dr. Fink assumes that these 
materials were soft. As a matter of fact, they were, relatively speaking, quite 
hard, the difference in hardness between those specimens which suffered heavy, 
film-free wear and those which did not, being only about 4 points on the Rock- 
well “C” Scale, this hardness difference being caused, in some cases, by a dil- 
ference of only 60 degrees Cent. (140 degrees Fahr.) in the tempering treat- 
ment, (see Table IV of the paper). Dr. Fink’s assumption that in this case 
the component of wear of “the mechanical removal of metallic particles” 1s 
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major factor may be refuted by the observation that when these same steels 


. 
were tested under identical conditions of load and slip, but in air instead of in 
ydrogen, the rate of wear was comparatively negligible and the wearing sur 
fees were smooth and oxidized, 

With reference to the question raised by Mr. Horger, the type of crack 


leveloped appeared to depend upon the type of wear. In all cases where micro 


opic examinations were made of specimens which had bright, film-free, heavily 


worn surfaces, cracks were always present at the surface, although sometimes 
ther cracks were also noted somewhat below the surface. It cannot be stated 
definitely, however, whether these surface cracks had their origins at the sur 
face or at some point below the surface. In the case of steels which had smooth, 


filmed. worn surfaces, all cracks present were always below the surfaces. The 


authors are unable to answer the question as to whether the depth below the 


surface at which cracks occurred bore any relation to the width of contact of 
the specimens. 

With reference to Dr. MacKenzie’s comments, it is entirely possible, of 
course, that the Rockwell hardness numbers taken on the roughly worn areas 
shown in Fig. 8 were influenced by the character of the surface. The hardnesses 
at those areas were, however, definitely lower than at other places on the sur 
face which were not so affected by the wearing action and the micrographs 
shown in Figs. 9 and 10 tend to bear this out. 

In preparing samples for metallographic examination, it was found neces 
sary to apply a relatively thick chromium plate on the wearing surfaces. The 
samples were then sectioned and polished. If copper plate is used, the protected 
edge of the specimens will be rounded somewhat during polishing because of 
the relative softness of copper as compared with steel. The use of chromium 
plate eliminates this difficulty. 

Mr. Kinzel states that oxide films can increase wear under certain condi- 
tions and this is undoubtedly true. It has been noted in a previous paper’ that 
when two steels of the same composition and heat treatment are tested against 
each other in the Amsler machine, the rate of wear of the upper specimen is 
usually greater than that of the lower specimen. It was further noted that 
the specimen which has the lower rate of wear forms a much heavier film than 
does the specimen which has the greater rate of wear. The explanation given 
for these different rates of wear is that the heavier film which forms on the 
lower specimen exerts a certain protective influence against the wear of this 
specimen while at the same time it acts as an abrasive to increase the rate of 
wear of the upper specimen. The authors agree completely with Dr. Kinzel’s 
comment that a comprehensive theory of wear is desirable. 

















X-RAY EXPOSURE CHARTS FOR STEEL 
By Herpert R. ISENBURGER 


Abstract 





The paper introduces a new exposure factor which 
is based on the actual density of the material and on the 
greatest thickness to be penetrated. It presents work 
able charts which take this factor into consideration fo) 
various focus-film distances. 













T has been found by Roentgenologists that X-ray exposure charts, 
in order to give the operator the correct time of exposure, should 
take into account the following six factors: 


(1) 


(2) Intensity of radiation 






Wave-length of radiation 






(3) Focus-film distance 

(4) Scattering of radiation 

(5) Absorption of radiation 

(6) Length of area to be X-rayed. 

















The voltage determines the wave-length, and milliampereage the 
intensity of the radiation. The inverse square law determines the 
time factor if the focus-film distance is the only variable. Scatter 
ing can be taken care of by proper shielding. The absorption, in 
turn, depends upon 





(1) the thickness of the material 
(2) the atomic number and wave-lengths 
(3) number of atoms per unit volume. 










The atomic number depends upon the elements of which the material 
being tested is composed. This has been dealt with in detail in a 
recent book on industrial radiography.‘ Hitherto, the specific grav- 
ity has not been taken into account, nor has the influence of the 


*Ancel St. John and Herbert R. Isenburger, “Industrial Radiography,’ John Wiley 
and Sons, New York, 1934, p. 41, 













A paper presented before the Sixteenth Annual Convention of the Society 
held in New York City, October 1 to 5, 1934. The author, H. R. Isenburger, 
is associated with the St. John X-Ray Service, Inc., Long Island City, N. Y. 
Manuscript received Feb. 24, 1934. 
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.ctual thickness to be penetrated by the X-rays at the end of a film 
heen considered in the construction of exposure charts. It is the 
purpose of this paper to discuss briefly these problems and to pre 
ent a solution of the difficulties. 

It has, undoubtedly, been the experience of many X-ray work 
ers that the usual exposure charts for steel give different results 
when the same thickness of cast steel and rolled steel are X-rayed. 
It is invariably found that the exposure for cast steel is too long or 
that the exposure for rolled steel is too short for good results. This 
is particularly true when the thickness of the material is greater than 
2 inches. In many instances it has been necessary to construct spe- 
cial charts, particularly where a large amount of the same material 
had to be examined. The reason for this condition is a difference 
in density of the test material. The influence of this factor in- 
creases rapidly with increase in thickness of the material, thus mak- 
ing it very noticeable when the thickness of the steel exceeds 2 inches. 
Here, operators have to consider the influence of the density of the 
material by calculating the correct exposure condition. This proc 


ess is not a simple one and often requires greater knowledge and more 


time than the average operator has. It would, therefore, be of great 
advantage to him if he were to have a simple means of reference 
which would quickly furnish the correct exposure information for 
various focus-film distances. 

For material 2 inches thick and greater, a second factor must 
be taken into consideration. Under these conditions a greater thick 
ness of steel is penetrated at the ends of a film than through its cen- 
ter. For a given focus-film distance, this region increases with the 
length of the film. The length of the film should not exceed the 
focus-film distance. Heretofore, this fact has usually been neglected 
in exposure charts, because steel 2 inches thick was the usual limit for 
routine X-ray work. With the more powerful equipment available 
at present, the ordinary thickness to be X-rayed is 3 inches and fre 
quently 4 inches of steel. The greater the thickness of the material, 
the greater the difference between the plate stock and the actual thick- 
ness to be penetrated by the X-rays at the ends of the film. A slight 
change in thickness in the 4-inch range of steel is known to require 
a much greater increase in voltage or exposure time than the same 
increase in thickness in the l-inch range. While it is true that ex- 
posure conditions timed for good results at the ends of the film 
necessitate an overexposure at the center of that film, this fact can 
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Table I 
Exposure Factors 


To Ccmpute the Exposure Factor at the End of Films of Various Lengths and at Di 
Focus-Film Distances, Multiply the Density of the Steel by the Following Constant 








Length of Film a —_—— Focus-Film Distance ————-————__, 
Inches 12 24 28 36 48 
6 1.031 1.008 1.006 1.003 1.000 
S 1.054 1.014 1.010 1.006 1.000 
10 1.022 1.016 1.009 1.000 
11 1.028 1.019 1.011 1.000 
12 1.031 1.023 1.014 1.004 
14 1.042 1.031 1.019 1.006 
17 1.061 1.045 1.027 1.011 
24 1.053 1.025 
30 1.043 
36 1.066 


be neglected, because it is not sufficiently serious to warrant consider- 
ation; the density in the center of such a negative is not sufficient 
to diminish the contrast or definition, since these charts have been 
based on a 0.7 film density. 

Usually exposure times have been obtained from available charts, 
This is a convenient and rapid way to obtain the information. Con- 
sidering the two important factors just discussed, usable exposure 
charts should correlate the actual density of the material and the 
yreatest thickness of material to be penetrated by the X-rays. Fur- 
thermore, the correct exposure time for various focus-film distances 
should also be available from the curves. This has been accom- 
plished by the present writer by the introduction of a factor which 
is called the “exposure factor.”’ This correction factor is based on 
the two factors previously discussed. The exposure factor may be 
thought of as the density of the steel if a thickness—corresponding to 
that traversed by the ray reaching the end of the film—were com- 
pressed to the actual thickness of the plate. 

The basic factor in these charts corresponds to the density upon 
which the original kilovoltage charts are based, that is, density 7.6 
for steel. Therefore, if it is desired to obtain the correct exposure 
for steel with a density 7.8, the exposure factor 7.8 for the given 
thickness is correlated with the desired kilovoltage chart. To com- 
pute the exposure factor at the ends of a film, the actual steel density 
is multiplied by a constant which depends upon the length of the 
film and the focus-film distance. Constants for various lengths of 
film and focus-film distances have been calculated and are given in 


Table I. The following example illustrates the correct use of the 
charts: 
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If it is desired to know what the proper exposure conditions are 
for four-inch boiler plate having a density 7.85, when using 14x17 inch 
film at 36-inch focus-film distance, the answer may be determined 
by multiplying 7.85 by 1.027 (the constant at the end of a 17-inch 
long film at 36-inch focus-film distance); this is exposure factor 
8.1. The intersection of the 8.1 factor with the 4-inch thickness 
line is projected up to the 300 kilovolt chart. Thus it is found that 
the exposure at this voltage is approximately 30 milliampereminutes 
at 24-inch focus-film distance. In order to determine the correct 
time at the 36-inch focus-film distance when using 10 milliamperes 
it is necessary to match up the flexible Chart II which carries inter 
sections of milliampereage and focus-film distance lines. The 10 
milliampere, 36-inch point should be placed opposite the point which 
was found on the 300-kilovolt chart. The time scale at the right 
hand ordinate of Chart I is then used. The line with an arrow 
in Chart II then indicates the correct exposure time on the scale. in 
Chart I, namely, 6% minutes. This then is the answer to the above 
problem. 


Although, these facts have been known to workers in the X-ray 
field and had to be considered when calculating correct exposure 
conditions, no attempt had been made so far to compile these rather 
involved calculations into comparatively simple charts. A consider 
able amount of mathematical work was involved in constructing these 
charts, and in this connection the author wishes to acknowledge the 
assistance of Lefferd B. Haughwout. 






DISCUSSION 


Written Discussion: By Dr. H. H. Lester, Watertown Arsenal, Water 
town, Mass. 

Mr. Isenburger’s charts are of great convenience and importance to the 
practical radiographer. It is suggested that they should be prepared to such a 
scale that they could be hung on the walls of the control room of the radio 
graphic laboratory. 

The practice at Watertown, and probably in most X-ray laboratories, has 
been to make a pilot exposure in all cases. Usually this exposure is nearly 
correct and the film is usable. It may happen that this exposure is lost. The 
use of the Isenburger charts would tend to reduce this loss. 

It should be pointed out that in many cases, probably in 50 per cent of the 
cases that occur in the writer’s laboratory, the surfaces of the metal to be ex- 
amined are curved. The charts cannot very well provide for the varying de- 
grees of curvature that are encountered. For such cases it would appear that 
one must still rely on cut and try methods. 
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Written Discussion: By John T. Norton, Massachusetts Institute of 
echnology, Cambridge, Mass. 

Mr. Isenburger has presented a very ingenious method of calculating graph 
cally the various exposure factors in radiography. The influence of small 
anges in density and in effective thickness become very considerable when 
translated into terms of exposure. The paper does not state exactly how the 
o-called “Exposure Factor” is calculated but obviously this accounts only for 
the increased thickness of the object when penetrated by an oblique ray. There 
hould be another factor which corrects for the increased target-to-film dis 
tance at the ends of the film. This factor may influence the exposure by more 
than ten per cent. 

The treatment of density variations in the sample as equivalent thickness 
variations makes a simple and straight forward method of handling. The only 
difficulty here is the fact that accurate values of the density are seldom available 
[he operator could hardly take the time to make an actual determination and 
his estimate might be considerably in error. Probably quite as consistent re 
sults would be obtained by simply having two factors for correcting the basic 
exposure chart, one for cast steel and the other for wrought steel. 

The use of exact methods for determining radiographic exposures is 
much to be recommended. Only in this way can consistent and reproducible 
results be obtained in the most economical manner, The application of exact 
methods, however, requires an exact knowledge of the working conditions, 


Oral Discussion 


C. A. Poote:* I was very much interested in this paper for many reasons. 
The main one is that it points the way toward a more concise approach to dis 
cussion of exposure charts. 

Several points should be mentioned with emphasis. First, is the importance 
of the effective voltage. One of the factors which was mentioned by the 
author is the wave length of the radiation used. That wave length, of course, 
is dependent upon the effective voltage. The density of the radiographic film 
was mentioned but the sensitivity of the recording media and the method in 
which it was treated, was not discussed. This is indeed, a very important fac- 
tor, since the speed of the screens used and the sensitivity of the film emulsion 
are very important factors which must be taken into consideration. 

Another item which must be considered is the temperature of the intensi- 
fying screen. This, we have found, enters into the intensifying effect at higher 
voltages to a much greater degree than it does at lower voltages. 

Another factor which I believe should have been mentioned is the internal 
scattering. Of course, at voltages up to 300,000, which have been used in all 


published material so far, this has not played as great a part as we have found 
it plays at voltages above that. I refer to some unpublished experimentations 
which we have done up to 700,000 volts constant potential. Here we find that 
the density or specific gravity of the material does not influence the exposure 
time to the same degree that it does at the lower voltages. At the present time, 


‘Kelley-Koett Mfg. Co., Covington, Kentucky. 
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this is slightly confusing to us for a correct physical explanation and w 
inclined to call it anomalous dispersion. 

I think this paper has pointed out the way to a great many questions which 
most certainly will have to be answered before we can say we have uniformity 
of exposure charts under the various conditions confronted in industrial 
radiography. 

Mr. IsENBURGER: I only wish to emphasize a few points. The whole syb- 
ject is much too involved. 

In answer to Dr. Lester’s discussions, we have available exposure charts 
which are on a much larger scale than the ones reproduced in the paper. As 
far as the exposure charts for curved surfaces are concerned, this is a very 
difficult subject, and it can be solved by mechanical means rather than by a 
theoretical consideration such as the basis of these new charts. 

This carries me over to Professor Norton’s discussion. The theoretical 
considerations are not always applicable in actual practice. If we were to con- 
sider the actual focus-film distance at the ends of the film, then we would get 
too much over-exposure in the center of this film. Consideration is onl) 
necessary when we expose an area which is greater than two feet. The whole 
matter, that is, the actual theory of what I presented here as practical charts 
today, is in preparation. The amount of work involved is so tremendous that 
it will take another year before we have the work completed. We expect to 
present the theoretical part before the American Physical Society, because it 
deals with the physical aspects rather than with the metallurgical problems. 

Dr. R. F. Menc:’ I think the author’s choice of words is unfortunate. The 
paper does not really introduce a new exposure factor. It merely shows how 
variations in density and parallax variations in thickness may be handled, and 
offers charts to assist in doing this. Both of these factors have long been rec- 
ognized and allowed for by capable radiographers. In this sense the work is 
commendable and must be welcomed for its practical usefulness. 


2Director, Metals Research Laboratory, and Professor of Metallurgy, Carnegie In 
stitute of Technology, Pittsburgh. 
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GRAIN DISTORTION IN METALS DURING 
HEAT TREATMENT 


3y C. NUSBAUM AND N. P. Goss 
Abstract 


In the Laue photographs of heat treated metals the 
diffraction maxima are often diffuse and very much elon- 
gated. This phenomenon can readily be explained by 
considering that the grains during treatment are not 
growing freely but in such a manner as to become more 
or less “distorted” during the process of growth. The 
term “distorted” as applied to growing grains is defined. 

A number of X-ray photographs is presented to 
illustrate the most important factors which determine the 
presence or absence of “distorted” grains in heat treated 
metals. 


INTRODUCTION 


FTEN in Laue X-ray photographs the diffraction maxima (or 
spots) produced by the individual crystals or grains instead 
of being sharply and clearly defined are often poorly defined, diffuse, 
and much elongated. Such diffuse and elongated spots were first 
observed by Czochralskit and are now usually designated by the 
terms “radial striations” or “radial asterism’? inasmuch as the di- 


rection of the elongation of the maxima is generally most prominent 
radially. 


A great deal of importance has always been attached to the 
presence of “radial asterism” in the Laue X-ray photographs of some 
of the metals and their alloys after various kinds of heat treatments. 
Such striations are usually considered as indicating mechanical strain 
within the metal. However, the assumption of the existence of 
such a condition within heat treated metals seems rather untenable 
in many instances, especially when present after slow cooling. It is 
the opinion of the writers that such “striations” are due rather to 


‘Czochralski, Zeitschrift fiir Metallkunde, 1923. 

A paper presented before the Sixteenth Annual Convention of the Society 
held in New York City, October 1 to 5, 1934. Of the authors, C. Nusbaum is 
associate professor of physics, Case School of Applied Science, Cleveland, and 
N. P. Goss is physicist, Cold Metal Process Co., Youngstown, Ohio. Manu- 
script received June 29, 1934. 
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the manner and condition of grain growth and, if interpreted i 
light of experimental data already available and to be presented, 
definite information in regard to the mechanism of grain growt! 
Arguments will be presented, illustrated by a number of Laue X-ray 
photographs, to show that during heat treatment, grains in the state 
of growth may become “‘crystographically distorted”’ and that these 
“distorted” grains are the real cause of radial striations in Laue 
photographs of such metals. 


ELEMENTARY CONSIDERATIONS 





Slip Planes and Radial Asterism.—When a single crystal of any 
metal is deformed by a uniform external stress, slip planes, which 
generally coincide with an important crystallographic plane, func- 
tion. The displacement of the individual lamellae thus produced 
generally takes place along these planes of easiest slip in definite 
crystallographic directions. For small deformations this displace- 
ment is in a single direction. For larger deformations the displace- 
ment takes place successively in two or more definitely related di- 
rections. 

Single crystals of various metals, deformed by uniform external 
stresses have been studied by several investigators, using X-ray 
methods. Perhaps the most thorough study, relating directly to ra 
dial asterism, has been made on single aluminum crystals by Taylor’ 
and Elam, Yamaguchi,* and Burgers. Yamaguchi has shown that 
the motion of the individual lamellae, relative to each other, along 
slip planes is accompanied at their edges by the rotation of lattice 
fragments around an axis in the plane of slip and perpendicular 
to direction of slip. The magnitude of the rotation of the lattice 
fragments is directly related to the magnitude of slip, and is con- 
sidered by the writers mentioned above as directly responsible for 
the very diffuse and elongated spots in “radial asterism.” ‘The 
presence of radial asterism in Laue photographs of distorted single 
crystals may thus be interpreted as directly indicating the function- 
ing of slip planes. 

In multicrystalline material, where the orientation of the adjoin- 






*G. I. Taylor and C. F. Elam, Proceedings, Royal Society, London. Vol. 108, 1925 
. 
p. 25. 


°K. Yamaguchi, Scientific Paper, Institute of Physics and Chemical Research, Tokyo, 
Vol. 11, p. 151, 233, 1929. 


‘W. G. Burgers, Zeitschrift fiir Physik, Vol. 67, 1931, p. 611. 








































GRAIN DISTORTION IN METALS 


g grains in general varies greatly, the process of deformation of 
any individual grain in such material may be very complex. ‘The 
forces applied to such a grain may be no longer uniform in either 
magnitude or direction, and the displacement of the adjacent lamellae 
may take place in a much more complex manner than already de- 
scribed for a single crystal under uniform stress. In addition to the 
displacement already mentioned, rotation of the respective lamellae 
(grain fragments) around an axis perpendicular to the slip planes 
undoubtedly takes place. The reflection of an X-ray beam from 
such lamellae will produce a diffraction maxima (1) radially elon- 
gated when the plane of the beam coincides with the plane of the 
lamellae and (2) transversely elongated when the plane of the beam 
is at right angles to the plane of the lamellae. ‘That such a rotation 
takes place is quite necessary for a satisfactory explanation of the 
mechanism of preferred orientation. The radial elongation produced 
by such lamellae was first experimentally established by Joffe.° 

Crystal and Grain Growth.—When a small single crystal, con- 
stituting a nucleus or germ, is freely suspended in a solution of its 
salt, under suitable conditions of concentration, temperature, etc., 
uniform growth takes place in definite directions. The manner of 
growth depends on the type of crystal and constitutes its “habit.’’ 
In this manner large and perfect crystals may be grown. However, 
if instead of a single nucleus many nuclei are present, the growth 
of each individual crystal in its various directions continues freely 
until it is obstructed or hindered by the presence of other crystals. 

Within recent years single crystals of most of the metals and 
many of their alloys have been grown.® Methods have been de- 
veloped by which the orientation of a single crystal and its direc- 
tion of growth may be directed and controlled. Generally, however, 
the direction of orientation of the crystallographic axes of the crys- 
tal relative to the geometrical axis of the specimen is a more or less 
random one. In multicrystalline metals the factors which control 
or determine the orientation of the individual nuclei from which 
grain growth begins are not known, so that the resulting orientation 
of the individual grains is generally a random one. The resulting 
grains, depending on the condition of growth, may be in their final 
form free from “distortion” or they may be “distorted.” 


°A. F. Joffe, Philosophical Magazine, Vol. 43, 1922, p. 204. 


*Wien-Harms, Handbuch der Experimental Physik, Vol. 5, p. 6-11 
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Distorted Grains—When a crystal or grain in its state of 


growth, assuming for the moment that it is growing freely in ; 


its 
selective crystallographic directions, encounters other grains not in 
state of growth or grain fragments unsuitably oriented relative to jt 
for absorption, external forces (forces of constraint) resisting its 


growth are set up. If these forces of constraint exceed the tendency 
of growth of the grain further growth ceases. Also, if the forces 
set up by the growing grain exceed the external forces set up by the 
surrounding grains, whether or not in a state of growth, these grains 
as well as the growing grain may become “distorted.” 

A “distorted” grain produced during heat treatment, may be 
defined as one which during its state of growth has not grown freely, 
but has been disturbed in such a manner so as to cause motion or 
displacement of its individual parts along slip planes. This motion 
along slip planes of a grain, accompanied by the rotation of the 
“lattice fragments,’ or by the rotation of the lamellae themselves 
relative to each other, is indicated by the presence of “radial aster- 
ism” in its Laue photographs. 

To distort a growing grain during heat treatment it is then only 
necessary that the internal forces due to grain growth exceed the 
elastic limit of the material for the temperature at which growth 
is taking place. That there should be a critical temperature at or 
above which such a phenomenon may take place is quite evident 
from the two conditions that the rate of grain growth increases with 
the temperature, while the value of the elastic limit decreases.* 

The magnitude of the forces brought into play (both of con- 
traint and of tendency to grow) will depend on various factors such 
as (1) the relative orientation of the growing grain with respect 
to the adjoining grains or grain fragments, whether or not in a state 
of growth, (2) the nature of the material (chemical composition or 


*Within recent years a continually increasing amount of experimental work’ has been 
carried out on the mechanical properties of metals and their alloys at increasingly high tem 
peratures. Of these properties the tensile strength, elastic limit, and yield point decrease 
almost linearly with increase in temperature, except over a very limited range. In a tem 
perature interval of 500 to 1200 degrees Fahr. the tensile strength of forged steel® de- 
creases from 72,000 to 15,000 pounds per square inch while the yield point changes from 
43,000 to 10,500 pounds per square inch. The values of the elastic limit for cast steel show 
a corresponding decrease® at higher temperature ranges. 








‘American Society for Testing Materials, 


Effect of 
the Properties of Metals,” June, 1931. 


“Symposium on Temperature on 


8F, W. Martin, p. 15, above reference. 


*Above reference, p. 18. 
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GRAIN DISTORTION IN METALS 


nstituents of alloy), (3) the length of time of treatment, and (4) 
temperature of treatment. 


X-RAY METHODS AND TECHNIQUE 


For all of the X-ray photographs, a water-cooled Coolidge X-ray 


tube. with molybdenum target operated at 32 kilovolts and 20 milli 


amperes, was used as the source of radiation. The radiation was 
unfiltered (general) in all Laue photographs. 
The apertures were 0.04 inch in diameter, separated from each 


other by 27% inches, except in the case of Figs. 1 and 3, in which 


Fig. 1—-Laue Photograph of a Specimen of Pure Iron, 
Cold-rolied to an Area Reduction of 96 Per Cent and then Heat 
Treated at 1480 Degrees Fahr. 
case the aperture nearest the specimen was 0.02 inch. For all of the 
photographs of a given group the same slit system was used. 

The specimens for the Laue photographs were ground on a suit- 
able abrasive wheel, under a constant stream of cold water, to 0.007 
inch and then etched to 0.005 inch. The time of exposure was from 
10 to 12 hours for all Laue photographs and in given groups are 
consistent with each other. 


ILLUSTRATIVE EXAMPLES AND DISCUSSION 


ik ta X-ray photographs which have been chosen 
so as to represent various kinds of material and conditions of treat- 
ment is presented and their general bearing on “grain distortion” 
discussed, 
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Original Specimen of Low Carbon Strip Steel, Slightly Strained 
Original Specimen Treated at 1180 Degrees Fahr. for 1 Hour and Furnace 
Cooled 
Fig. 2c——Original Specimen Treated at 1380 Degrees Fahr. for 1 Hour and Furnace 
Cooled. 


The Laue photograph of Fig. 1 is presented as it represents 
the completion of recrystallization from a large number of nuclei; 
also grain growth from these nuclei with no “grain distortion” pres 
ent as indicated by the sharply defined diffraction maxima (spots). 
Such a photograph indicates perfect grain growth. 

Fig. 2a is an X-ray photograph of the original condition of a 
specimen of low carbon slightly strained steel. The diffraction 
maxima are fairly sharp and comparatively well defined indicating 
that most of the individual grains are nearly perfect in structure. 
Some maxima show striations indicating that a few grains have 


been definitely stressed to such a degree that portions of them may 
possibly act as a new nuclei for grain growth. When a specimen of 
this material is held at 1100 degrees Fahr. (595 degrees Cent.) for 





yf a 
tion 
ting 
ure. 
lave 
may 
n of 

for 


GRAIN DISTORTION IN METALS 


Fig. 3—50-50, Nickel-Iron Alloy Hot-rolled Strip Given a Cold-rolling Reduction of 
Per Cent. ; 

Fig. 3a—Treated at 1800 Degrees Fahr, for One-half Hour. 

Fig. 3b—Treated at 1500 Degrees Fahr. for One-half Hour. 


one hour and then furnace cooled, a very marked change in the dif 
fraction pattern takes place as in Fig. 26. The individual maxima 
have become more diffuse and radially very much elongated, in defi 
nite contrast to that of the original specimen. On treating a similar 
specimen at 1380 degrees Fahr. (750 degrees Cent.) for one hour 
and with furnace cooling, the X-ray photograph lig. 2c presents 
an appearance generally characteristic of all high temperature anneals 
for this type of steel. The grains have attained a high degree of dis- 
tortion, and the diffraction maxima bear a marked resemblance to 
that of cold-worked specimens of the same material. 

The X-ray photographs of Fig. 3 are of 50-50 nickel-iron alloy 
strip which had originally been hot-rolled and then cold-rolled to a 
cross sectional area reduction of 90 per cent. Specimen in Fig. 3a 
was treated at 1800 degrees Fahr. (980 degrees Cent.) for one-half 
hour and Fig. 3b at 1500 degrees Fahr. (815 degrees Cent.) for a 
similar length of time. The diffraction maxima of Fig. 3a are ex- 
ceptionally well defined, while those of Fig. 3b are very diffuse and 
much elongated. It is quite evident from the two photographs that 
the annealing temperature is important for this alloy and that grain 
distortion need not necessarily be developed at high annealing tem- 
peratures. The chemical composition is also an important factor. 

The next group of specimens was of cold-rolled (20 per cent 


reduction in cross sectional area) low carbon strip steel 0.020 inch 
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thick and was treated in a lead bath held at 1500 degrees | 
(815 degrees Cent.). The thermocouple being directly attached { 
each specimen during treatment, they were placed and kept within 


the bath until the temperatures indicated by the couple were re- 
spectively 1200, 1300, and 1400 degrees Fahr. (60, 705 and 760 de 
grees Cent.), and then quickly removed and allowed to cool freely 
in air. Fig. 4a is the Laue photograph of a specimen treated at 1200 
degrees Fahr. (650 degrees Cent.). Recrystallization has started at 
several isolated places as indicated by the few but sharply defined 
spots or diffraction maxima. The pattern of the cold-worked struc- 
ture which did not respond to heat treatment is superimposed upon 
the pattern of the single grain or grains. It is apparent that “grain 
fragmentation” produced by cold rolling is not modified by heat 
treatment, but is only modified by the growth of grains from new 
nuclei. Since the spots are sharply defined (free from radial aster- 
ism) the new grain or grains are free from “distortion.” That is 
to be expected, as it is reasonable to assume that at the beginning 
of grain growth the opposition to growth is small. 

Other specimens, as already mentioned, were allowed to remain 
in the bath until the temperature was 1300 degrees Fahr. (705 de 
grees Cent.) and as before were quickly removed. As _ both the 
treating interval and the temperature have been increased, more 
nuclei should be effective for growth and some should be quite ad- 
vanced. Fig. 4b is a Laue photograph of such a specimen and shows 
what is anticipated. There is a larger number of new grains than 
in the previous specimen, and the individual grains are larger in size. 
“distortion” as most of the dif- 
fraction maxima are sharply defined. Only a few of the diffraction 


Most of these grains are free from 











spots show radial streaks indicating that these grains are encounter- " 
ing resistance to growth. These opposing forces may be set up by a 
other growing grains differently oriented or by some of the old . 
“fragmented” grains which are not suitably oriented for absorption i 
by the new grain growth and to which they offer opposition. That ' 
some of the fragmented material is still present and grain growth 
not complete is shown by the trace of the continuous ring in the ul 
background of Fig. 4b. However, the amount of the old frag ul 
mented material is much less at 1300 than at 1200 degrees Fahr. : 
(705—650 degrees Cent.). Further comparison of these two photo- 
, 


graphs shows that a larger number of grain nuclei is formed at 
higher temperatures. This would be expected if it is granted that 
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Fig. 4—Low Carbon Strip Steel (0.02 inch thick) Given Cold-rolling Reduction of 
1) Per Cent. Heated to Given Temperature in Lead Bath, Quickly Removed, and Cooled 
Freely in Air. Lead Bath Kept at 1500 Degrees Fahr. 

Fig. 4a—Heated to 1200 Degrees Fahr., Fig. 4b—Heated to 1300 Degrees Fahr., and 
Fig. 4c—Heated to 1400 Degrees Fahr. 


regions of localized stress act as centers for the formation of nuclei 
at suitable temperatures. As different portions of a given specimen 
are under different degrees of stress, some of them are capable of 
forming nuclei at lower or higher temperatures, depending on the 
intensity of the stresses. 

Using a procedure similar to that of the preceding two, except 
that the temperature was 1400 degrees Fahr. (760 degrees Cent.) 
the Laue photograph of Fig. 4c is obtained. Recrystallization 1s 
nearly complete, as indicated by the absence of the old material, but 
the amount of “grain distortion” has definitely increased. This is 
to be expected in view of the keen competition between the growing 


grains in the absorption of the remaining crystalline fragments, and 
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Fig. 5—Cold-rolled Carbon Strip Steel Treated at 1250 Degrees Fahr. fo 
Cooling Cycle, 20 Hours. 


also since more nuclei are present from which recrystallization has 
taken place. 

In certain heat treatments the fragmented material remaining 
after a short interval of annealing cannot be removed even by pro 
longed treatment. Fig. 5a illustrates this condition. A low carbon 
basic open-hearth steel was box-annealed at 1250 to 1300 degrees 
Fahr. (675 to 705 degrees Cent.) for 6 hours, the total heating and 
cooling cycle being 20 hours. The Laue photograph not only shows 
severe grain “distortion,” but it also reveals the fact that a consid- 
erable portion of the cold-worked fragments have not been removed 
even after such a long period of heat treatment. Another Laue 


photograph was taken from the same original strip, at a point only 


6 inches away from the one just described, and is reproduced in 
Fig. 5b. The new grains are smaller, less in number, and are sub 
stantially free from “distortion.” Evidently the new grains which 
did form reached their maximum growth in a short time and then 
ceased to grow. The directional characteristics (six maxima in 
inner ring) produced by cold rolling still remain, and the absorption 
of the old material is even less than in the previous case. 

As an example of severe grain “distortion” Fig. 6 is presented. 
A specimen of hot-rolled strip steel was given a reduction in cross 
section by cold rolling of 5 per cent. It was then heated to 1500 
degrees Fahr. (815 degrees Cent.) and held for 5 minutes. Large 
grains grew only in isolated regions and show great “distortion.” 





has 


ing 
To 
bon 
“eS 
and 
IWS 
sid- 
ved 
aue 
mily 
| in 
sub- 
hich 
hen 
1 in 
tion 


ited. 
ross 
L500 
arge 


on.’ 


DISCUSSION—GRAIN DISTORTION IN METALS 631 


hey were surrounded by fragmented grains which had not re- 
nonded to treatment and thus only offered opposition to their 


rowth. 
SUM MARY 


\ series of Laue X-ray photographs has been presented which 
hows that during the heat treatment of metals grains may grow 


n such a manner as to have perfect crystallinity as indicated by 


Fig. 6—Strip Steel Given a Reduction in Area of 5 Per 
Cent and Treated at 1500 Degrees Fahr. for 5 Minutes. Grain 
Shows Severe Distortion. 


sharply defined diffraction maxima; or they may grow in such a 
manner as to be more or less “distorted” as indicated by diffuse or 


poorly defined diffraction maxima, generally known as “radial 
asterism.” 


Some of the factors which determine the freedom from or the 
presence of “distorted” grain growth are (1) degree of cold work, 
(2) chemical composition, (3) temperature of treatment, and (4) 


length of time of treatment. 


DISCUSSION 


Dr. R. F. Ment’: The authors have performed a service in calling atten- 
tion to the care necessary in interpreting asterism. Asterism ordinarily may be 
interpreted as an indication of internal strains, yet it must be remembered that 
unstrained metal crystals may be so arranged—let us say, as a result of plastic 
deformation and recrystallization—that streaks similar to asterism streaks may 


. Director, Metals Research Laboratory, and Professor of Metallurgy, Carnegie Institute 
lechnology, Pittsburgh. 
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be produced on a photogram; such streaks, which might be named “p 
asterism,” would actually be discontinuous and would in some cases 


LCT 


proper optical conditions resolve into discrete spots. This matter has been 
carefully analyzed by Dr. C. S. Barrett in a recent review of the subject of 
internal strains. 

It must be remarked, in view of the authors’ discussion of the point 
slip in metals always takes place on atom planes; usually these planes are sim- 
ple planes densely packed with atoms, but not always. Iron is an unusual ele- 
ment in this respect. So far as we know iron exhibits three planes of slip, 
the (1 10), the (1 1 2), and the (1 2 3). The direction of slip is always the 
same, namely, the [1 1 1] direction, which lies on each of the planes mentioned 
While it might not generally be thought that crystallographic information of this 
kind has any practical interest, it should be remembered that the process of 
slip lead directly to the generation of preferred orientations, and that the latter 
is inexplicable except in terms of the former. 

Experience with work of the sort reported in this paper teaches that care 
must be exercised in the use of single X-ray photograms to characterize a large 
sample, as a sheet, for variations may exist in the sheet from point to point, 
and variations may occur in the preparation of the photogram, such as varia- 
tions in alignment and the like. The safer procedure is to prepare a large num- 
ber of photograms and from these to select a norm to characterize the sample. 

The photogram shown in Fig. 4 is very interesting, for it certainly shows 
the beginning of recrystallization, with Fig. 4 (a) showing small sharp spots 
from newly formed grains. A word of warning to the unwary may be in order 
here: it must not be concluded from this that heat treatments which do not 
form new grains are without effect on the properties—a photogram which 
does not show such new spots must not be taken as a proof of the constancy 
in the physical properties of the sample, and in this respect the X-ray method 
of studying the effects of plastic deformation and of annealing suffers a limita- 
tion. For, preceding the formation of new grains, annealing a cold-worked metal 
produces very appreciable changes in properties; these changes are now grouped 
under the term crystal recovery. 

The X-ray method may be used to study the effects of cold work and the 
relief of these effects by annealing; the most useful method seems to be that 
of measuring line width of Debye-Scherrer circles. When used in combina- 
tion with back reflection to give maximum resolution the sensitivity is great 
Dr. Gensamer has recently been able in this way to show very marked differ- 
ences between Liider lines and unstrained areas on steel, though Liider lines 
represent only approximately 2 per cent elongation. 
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EFFECT OF HIGH HYDROSTATIC PRESSURES 
ON AGING 


By LELAND RUSSELL VAN WERT 
Abstract 


Studies made to determine what effect hydrostatic 
ressures have on age-hardening disclosed that pressures 

of 12,000 atmospheres merely decrease the rate of aging 
of a number (five) of age-hardenable alloys, all of which 
age at ordinary temperatures. The only exception noted 
was an iron-nitrogen alloy; a pressure of 20,000 atmos 
pheres failed to lower, to any detectable degree, its aging 
rate. 

The final hardness was not affected by pressure, only 
the time necessary to attain this hardness; also, alloys 
initially but partially aged under high pressures showed 
no anomalies when the aging was concluded under normal 
pressures. 

If one may judge from the behavior of the alloys 
investigated, it would appear that the greatest effect of 
pressure is experienced by the alloys of greatest compres- 
sibility. This would indicate, seemingly, that pressure’s 
effects on aging rate comes about through changes in the 
“viscosity” of the metastable solid solution, thereby in- 
fluencing the diffusion rate of the age-hardenable elements 
through the latter’s lattice. 


HIS paper presents results of an investigation made to deter- 
mine what effects, if any, high hydrostatic pressures have on 
the aging of certain typical age-hardenable alloys. More specifically, 
this report is concerned with a description of such pressure effects 
on the rate of aging. Some data on the influence of pressure on the 


final hardness are, however, given, while the results of a study of 


pressure effects on the corrosion resistance of aged duralumin, 
originally intended to be included here, will form the basis of a sub- 
sequent report. 

The physical factor accounted of special significance in age- 
hardening, since it is the one usually the most effective in determining 

dS 

the properties and character of the aged alloy, is the time versus 
temperature relationship of aging itself. Other factors of some 

A paper presented before the Sixteenth Annual Convention of the Society 
held in New York City, October 1 to 5, 1934. The author is lecturer on metal- 
rey, Harvard University, Cambridge, Mass. Manuscript received March 12, 
93 : 
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importance are the solution-annealing temperature; the time at, 
the rate of cooling from that temperature; and plastic deformat 
The effects of alternating magnetic fields, reported by Herbert, ; 
now definitely disproven.t Because of the circumstance that an ap 
preciable volume (density) change is a common concomitant of 
aging, it was felt, at the time this investigation was planned, that 
high pressures might be of some effect on aging. It seemed reason 
able to assume that pressure might accelerate the aging process where 
a decrease in volume occurs during aging, and have the opposite 
effect if aging results in a volume increase. 

Despite the fact that the experimental results obtained seem to 
justify, in some degree, at least, this original assumption, it now ap 
pears more probable that the effect of pressure on aging—an effect 
of some magnitude, as the results below show—works slightly, if at 
all, through direct interference in volume changes (which, after all, 
are of themselves, effects and not causes) but rather in a more fun- 
damental manner, by disturbing the normal “kinetics” of the age 
hardening process, perhaps simply through changing, as does temper 
ature, the diffusion rate. 

The pressure-aging was carried on in the High Pressure Lab- 
oratories of the Jefferson Physical Laboratory of Harvard Univer- 
sity where Professor P. W. Bridgeman and associates have done 
such notable work in the field of the physics of high pressures. 
Through the kindness of Professor Bridgeman, the facilities of his 
laboratory were made available for this work. 

The pressure used for the larger part of the investigation was 
12,000 atmospheres. For purposes of comparison, a companion 
series, in each instance, was aged at ordinary pressures. The aging 
temperature, in all cases, was room temperature. This last circum- 
stance necessarily limited the scope of the investigation since the 
number of alloys aging at room temperatures is surprisingly few. 
However, the maximum attainable temperature in the pressure ap- 
paratus is about 95 degrees Cent., and this relatively small increment 
in the range of permissible aging temperature would not materially 
increase the list of alloys that might be studied while it would involve 
considerable additional difficulty in operation. 

This is not the occasion to describe the high pressure apparatus, 
nor to discuss its operation even if the author were capable of doing 





\Metai Progress, Vol. XXI, 4, and later issues during 1932-33. 
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To any interested, Professor Bridgeman’s excellent book, ‘The 
Physics of High Pressures,” is recommended. It should be empha 
ved. however, that hydrostatic pressures do not plastically deform 
sample wholly surrounded by the pressure medium, provided, of 
course, that the medium, itself, is not solidified by the pressures 


employed. True hydrostatic compression is a volume compression 


H{vdrostatically compressed metals are, thus, not  strain-hardened, 


and consequently the well-known effect of deformation on aging is 
not involved. 

The choice of age-hardenable alloys for this study was made 
ou the basis of securing as wide a range as possible in the compressi- 
hility of the solvent metal. The room temperature (actually, up to 
95 degrees Cent.) limitation imposed by the pressure apparatus ex- 
cluded a number of what might have been interesting alloys. This 
is particularly true of—and especially unfortunate with—the metals 
of low compressibility. The alloys selected for this study were: 

1. Commercial duralumin. 

2, Aluminum-copper alloy of essentially duralumin composi 

tion but containing 0.17 per cent calcium as an aging in 
hibitor. 
Alloy P-141, an aluminum alloy, containing nominally 1 per 
cent silicon, 0.6 per cent magnesium, and 0.5 per cent iron. 
Alloy P-148, a complex aluminum alloy, containing nominally 
10 per cent zinc, 1 per cent copper, 0.7 per cent iron, 0.8 per 
cent silicon, 0.75 per cent manganese, and 0.4 per cent mag 
nesium. 

5. Lead-calcium alloy, containing 0.04 per cent calcium. 

6. Iron-nitrogen alloy, containing 0.07 per cent nitrogen. 

The lead-calcium alloy is an example of an age-hardenable alloy 
with a highly compressible solvent metal*; the four aluminum alloys 
represent cases of a solvent metal of moderate rigidity, whereas the 
iron-nitrogen alloy is an alloy whose base metal is but slightly com- 
pressible. 

The experimental procedure was simple. Each alloy was solu- 
tion-annealed at the proper temperature, for the time necessary to 
insure complete solution of the precipitant. It was then quenched in 
water. The hardness (Rockwell) was immediately taken. The alloy 
Vol ar Nes,» Heh Pressure in Metals,” Jeffries, Journal, Institute of Metals, 


See Table X for compressibility constants, which indicate relative compressibilities 
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was permitted to age at room temperature, one series under 
pressures (12,000 atmospheres, generally) and a second series at 
ordinary pressures. After aging for definite time periods, har 
tests were again made. 


THe ALUMINUM ALLOYS 


The samples of the four aluminum alloys were water-quenched 
from 510 degrees Cent. (950 degrees Fahr.) to put them into an 
age-hardenable condition. After determining the initial hardness of 
each sample, one of each pair (the one reported as “A” in Tables 



























I-VI) was permitted to age for a definite time period at ordinary 
pressures; the other (the “B” of the tabulated data) was aged for 
the same length of time under 12,000 atmospheres. All aging was 
done at room temperatures. The results of the aging of the four 
aluminum alloys are given in Tables I-VI. 

An examination of the data in Tables I—VI discloses that 
pressure acts principally, if not wholly, in slowing down the aging 
rate. At least, this is true for the conditions (of time, temperature 
and pressure) under which these alloys were aged. Seemingly, 
pressure has little effect on the final hardness, though it is true, that 
no actual results of aging to final hardness are reported. Also, it 
does not appear probable that initially pressure-aged material be- 
haves at all differently on subsequent ordinary pressure aging than 
do alloys aged under ordinary pressure from the outset. It is the 
aging rate that is most affected. 

During the 24-hour aging period, the aging rate of the pressure- 
aged duralumin was about one-half that of the samples aged at 
ordinary pressure, that is, the percentage increase of the latter was 
approximately twice that of the former. Pressure-aged samples otf 
the modified duralumin alloy had a percentage increase in hardness 
at the end of the 24-hour period of about 35 per cent of that of the 
samples aged under one atmosphere pressure. Alloy P-148 behaved 
similarly to duralumin, and showed a difference of about 50 per 
cent in hardness increase as between aging under 12,000 atmospheres 
and under one atmosphere. Alloy P-141 showed the least difference 
in percentage gain in hardness of the four aluminum alloys,—this 
hardness increase under pressure was about 70 per cent of the per- 
centage increase of the samples aged under ordinary pressure con 
ditions. 


The effect of further aging at ordinary pressures on pressure- 
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Table | 


Aging of Duralumin, (A) Under a Pressure of 1 Atmosphere, 


Under 12,000 Atmospheres 


Hardness (Rockwell ee’) * 
Immediately After Aging 24 Hours, Undet 

After Quenching 1 Atmosphere 

83.0 99.7 a 

83.0 aye 90.5 

81.2 99.1 

81.0 

82.1 

82.6 

80.6 

80.4 a: 


*1¢ inch penetrator and 100 kilogram load. 


Table Il 


12,000 Atmospheres 


and (B) 


Percentage 
Increase 
in Hardness in 
24 Hours 
20.0 
9.0 
22.0 
11.2 
20.4 
10.7 
21.1 
12.4 


Aging of Aluminum Alloy (of Essentially Duralumin Composition, but Containing 
0.17 Per Cent Calcium), (A) Under a Pressure of 1 Atmosphere, and (B) 


Sample 
1-A 
1-B 
2-A 
2-B 


Under a Pressure of 12,000 Atmospheres 


Hardness (Rockwell ‘‘E’’) 

Immediately After Aging 24 Hours, Under 
After Quenching 
62.7 83.2 

67.6 vues 

64.0 91.1 ah? 

64.4 ies 72.8 


75.0 


Table Ill 


1 Atmosphere 12,000 Atmospheres 


Percentage 
Increase 
in Hardness in 
24 Hours 


Aging of Alloy P-141 (an Aluminum Alloy, Containing 1 Per Cent Silicon, 0.6 Per Cent 
Magnesium and 0.5 Per Cent Iron), (A) Under a Pressure of 1 Atmosphere, 


Sample 
1-A 
1-B 
2-A 
2-B 


a 


aged material is shown in Table V. 


and (B) Under 12,000 Atmospheres 


Hardness (Rockwell ‘‘F’’)* 
Immediately 
After Quenching 1 Atmosphere 
73.6 94.2 
72.1 ane 
70.9 96.7 
70.8 ‘ 


inch penetrator, and 60 kilogram load. 


After Aging 24 Hours, Under 
12,000 Atmospheres 


Percentage 
Increase 
in Hardness in 
24 Hours 
28.4 
21.3 
36.3 
26.4 


The results indicate clearly that 


while pressure-aging retards the aging while the pressure is actu- 
ally acting, when this is removed, the alloys age at the normal rate, 
and attain in all cases an equivalent hardness. 

The results of aging 48 hours under one and under 12,000 atmos- 
pheres are given in Table VI. The same percentage difference in 
relative hardness increase exists as in the 24-hour period, that is, 
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Table IV 

Aging of Alloy P-148 (an Aluminum Alloy, Containing Nominally 10 Per Cent ; 
1 Per Cent Copper, 0.7 Per Cent Iron, 0.8 Per Cent Silicon, 0.75 Per Cent 

Manganese, and 0.4 Per Cent Magnesium) 


Percentave 


Hardness (Rockwell ‘‘E’’) Incre 


Immediately After Aging 24 Hours, Under in Hardness in 

Sample After Quenching 1 Atmosphere 12,000 Atmospheres 24 Hi 

1-A 53.6 79.8 “06% 48.8 

1-B 54.5 ack 69.4 27 

2-A 58.0 83.8 cat 46.3 

2 I 55.2 66.4 20.2 

3-A 57.7 82.7 aie 43 

3-B 55.2 66.7 17.2 











Table V 
Effect of 48 Additional Hours’ Aging at Ordinary Pressures on Previously 
Pressure-Aged Alloys 


After an 
Additional 
48 Hours 

Aging Under 
12,000 Atmospheres 1 Atmosphere 


Hardness (Rockwell ‘‘E’’) 
Immediately 
After 
Quenching 







After Aging 24 Hours, Under 


Sample 1 Atmosphere 


Duralumin 























“Rockwell ‘“F’’ for Alloy P-141. 


Table VI 


Hardness (Rockwell ‘‘E’’) 
Immediately After Aging 48 Hours, Under 
After 1 Atmos- 








Sample Quenching phere 12,000 Atmospheres 
Duralumin 
/ 80.7 99.1 wine 
B 80.5 ete 91.9 
P-141 71.9" 
A 96.9 noes 
B 71.1 deat 88.7 





57.7 86.0 vied 
B 54.6 eee 69.5 
*Rockwell F for P-141 alloys. 





4-A 80.6 97.6 aimed 99.5 
2-B 81.0 am 91.1 98.7 
Alloy P-141 
1-A 73.6* 94.2 pee 97.7 
1-B 72.1 va 87.5 97.7 
Alloy P-141 
2-A 70.9 96.7 antes 98.5 
2-B 70.8 ane 89.5 94.3 
Alloy P-148 
1-A 53.6 79.8 ogee 85.2 
1-B 54.5 nes 69.4 87.3 
Alloy P-148 é 
2.A 58.0 83.8 ethan 86.7 
2-B 55.2 sd aie 66.4 86.7 


Comparison of the Effect of Aging 48 Hours (A) Under Pressure of 
Atmosphere, and (B) Under 12,000 Atmospheres 


Percentage 
Increase in 
Hardness in 
48 Hours 


DO 
~~ 


7. 
4. 


ae 
oe 
wis 


No 





Hardness 
After 48 
Additional 
Hours at 
1 Atmosphere 


99.0 
98.4 


98.5 
96.! 


x 







88 
86.4 
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und 50 per cent for duralumin and P-148, and 70 per cent for 
141, 
LEAD-CALCIUM ALLOY 


This was quenched from 285 degrees Cent. (545 degrees Fahr.). 
he alloy was then permitted to age, one sample of a pair under 
rdinary pressures and the other sample under 12,000 atmospheres. 
he alloy is extremely soft, and consequently one whose hardness is 
very difficult to determine with the usual degree of accuracy. By 
taking a large number of individual determinations, one can, how 
ever, secure a good indication of the alloy’s hardness. The so-called 
Rockwell “S-M” (soft-metal) scale is used.* The results of aging 
this alloy are given in Table VII. 


This lead alloy, assumedly because of the larger compressibility 


ae of the solvent metal (lead), is the alloy, of those studied, most sus- 
a ceptible to pressure effects. The increase in hardness in five hours 
—— of the samples aged under ordinary pressures is around 50 Rock- 
well “S-M” points; the increase in the pressure-aged alloys is per- 
haps 5 points. 
As before, an additional 5 hours aging under ordinary pressures 
of a previously 5-hour-pressure-aged sample brought the hardness 
up tc that of a sample aged under one atmosphere from the start. 


THe IRON-NITROGEN ALLOY 


This alloy was quenched from 510 degrees Cent. (950 degrees 
Fahr.). It was then in an age-hardenable condition. Samples were 
allowed to age, as in the previous instances, under ordinary pres- 
sures, and under 12,000 atmospheres. This alloy ages rapidly at 
room temperature. The aging data are given in Tables VII—IX. 
<= Table VIII-a gives the results of aging for one hour, and Table 
48 VIll-b for three hours, of the iron-nitrogen alloy. There is ob- 
ae viously no difference in the rate of aging with the two pressures 
used, that is, a pressure of 12,000 atmospheres apparently does not 
. affect the aging of this alloy. The results of aging for three hours 
under 20,000 atmospheres tell the same story. Comment on this 

anomalous behavior is withheld till the following section. 


‘The author is indebted to Earle E. Schumacher of the Bell Telephone Laboratories 
‘or intormation concerning this soft-metal scale of hardness. 
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Table VII 
Aging of Lead-Calcium Alloy (0.04 Per Cent Calcium), (A) Under a 
Pressure of 1 Atmosphere, and (B) Under 12,000 Atmospheres 


H; ess 
Hardness (Rockwell ‘‘S-M’’)* A tey 












Immediately 5 Ad na 
After After Aging 5 Hours, Under Hours 
Sample Quenching 1 Atmosphere 12,000 Atmospheres 1 Atm 

1-A (Swaged) 8.4 57.5 

2-A (Swaged) 6.8 50.8 ee 
1-B (Swaged) 8.3 eae 11.2 
3-A (Cast) 2.6 51.7 a 
3-B (Cast) 1.9 aes 8.7 


*1%4 inch penetrator, and 30 kilogram load. 





Table Vilil-a 
Aging of Iron-Nitrogen Alloy (0.07 Per Cent Nitrogen), (A) Under a Pressure 
of 1 Atmosphere, and (B) Under 12,000 Atmospheres 

Aging time = 1 hour. 

















Hardness (Rockwell “B’’) Percentage 


Immediately Increase in 

After After Aging 1 Hour, Under Hardness in 
Sample Quenching 1 Atmosphere 12,000 Atmospheres 1 Hout 
1-A 86.1 95.5 +s 10.9 
1-B 85.7 ese'e 94.9 10.7 





Table VIII-b 
Aging of Iron-Nitrogen Alloy (0.07 Per Cent Nitrogen), (A) Under a Pressure 
of Atmosphere, and (B) Under 12,000 Atmospheres 


Aging time = 3 hours. 
; Hardness (Rockwell “‘B’’) Percentage 
Immediately Increase in 
After After Aging 3 Hours, Under Hardness in 
Sample Quenching 1 Atmosphere 12,000 Atmospheres 3 Hours 
1-A 85.9 a ee ee 16.0 
1-B 86.2 abies 100.9 17.0 











Table 1X 
Aging of Iron-Nitrogen Alloy (0.07 Per Cent Nitrogen), (A) Under a Pressure 
of 1 Atmosphere, and (B) Under 20,000 Atmospheres 


Hardness (Rockwell ‘‘B’’) Percentage 
Immediately 3 ; Increase in 
After After Aging 3 Hours, Under Hardness in 
Sample Quenching 1 Atmosphere 20,000 Atmospheres 3 Hours 
1-A 85.9 99.7 16.0 







1-B 84.8 “istig’ 99.5 17.3 


CONCLUSION 










The above experimental results seem This is 


even true of the data of the last alloy, the 


definite enough. 
iron-nitrogen alloy, whose 
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ssure-aging behavior differs, as regards rate, from that of the 
r allovs investigated. If the results, by and large, are not fully 
nvincing, the reason, it would appear, lies in the fewness of the 
‘a rather than in their lack of definiteness and unanimity. Ad- 


mittedly, one should resist the temptation to generalize on an inade- 


quate number of particular cases, and no universal aging behavior 
under pressure is to be inferred from the data given. It is also ad- 
mitted that any explanatory hypothesis advanced before the experi- 
mental evidence is all in has little merit. Thus, any present specu- 
lative discussion of these results must, necessarily, be tentative. 

The results show but one thing clearly, viz., that pressure af- 
fects aging through simple retardation of the aging process. Whether 
we picture this process, as in the conventional manner, that is, that 
it proceeds by the formation of a new phase, critically dispersed and 
effectively distributed within the unstable solid solution, or whether 
we assume, on occasion, that the aging process stops just short of 
actual precipitation with the solid solution at the threshold of dis- 
solution but yet physically intact, one must postulate a migration of 
the solute atoms to preferred locations in the host lattice. In other 
words, precipitation, either actual or imminent, involves diffusion. 

The rate of aging will obviously depend on how rapidly the 
solute atoms can congregate at the strategic positions in the lattice, 
i. e., on the rate of their diffusion. The accelerating effect of tem- 
perature on age-hardening is assumedly the result of an increase in 
the diffusion rate with increase in temperature. Is it not conceiv- 
able that pressure’s decelerating effect on aging comes about through 
interference with the diffusion process? High hydrostatic pressures, 
as we know, compress the metal lattice, in this case, the solvent metal 
lattice; conceivably, the “viscosity” of, and the difficulty of atomic 
movement within, the solid solution is proportionately increased. 
Diffusion, then, becomes slower and the progress of age-hardening 
is measurably retarded. 

The greatest susceptibility of the lead alloy to pressure effects 
is explained probably by the high compressibility of lead. A gage 
of the relative compressibilities of the three solvent metals may be 
had by evaluating the ratio of volume change to initial volume 

\V 
: -, that is, by substituting in the compressibility equation® 
0 


‘Bridgeman, “The Physics of High Temperature,” pp. 160-161. 
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Table X 


AV 

=a X 10“p — b X 10-1%p? 
Vo a ’ 

Values of a and b at 30° C. (Bridgeman). 
Metal 
Lead 
Aluminum 


the values of the constants of Table X which are shown above 

or a pressure of 12,000 atmospheres, these calculated ratios 
for lead, aluminum, and iron are, respectively, 0.02595, 0.01539, and 
0.00674. For the higher pressure of 20,000 atmospheres, the ratio 
for iron is 0.01090. 

From a qualitative point of view, these compressibility ratios 
are interesting since they place the three metals, on the basis of 
compressibility, in the same order as do the foregoing data on rel- 
ative age-hardenability under pressure. The ratios, thus, tend to con 
firm the hypothesis that the slower rate of aging under pressure re- 
sults from an inhibitory effect of the constricted lattice on diffusion. 
Quantitatively, the ratios are less illuminating, as one would hardly 
anticipate from their comparative values that the lead alloy would 
be many times as sensitive to pressure effects as are the aluminum 
alloys, or that the iron-nitrogen alloy would show,—if, indeed, it 


shows anything,—a sensitivity so small as to escape detection by the 
usual Rockwell hardness tester. 


With the latter alloy, one should recall, however, that we are 
dealing with an alloy which forms an interstitial type of solid solu- 
tion, whereas the other alloys whose aging was influenced, to a more 
or less degree, by pressure, form solutions of the substitutional type. 
But, just how this difference in solution structure could account for 
any considerable difference in aging behavior is not obvious. 

The author wishes to acknowledge again his indebtedness to 
Professor Bridgeman, and to Messrs. L. H. Abbott and C. E. Chase, 
his assistants in the High Pressure Laboratories of the Physical 
Laboratories of Harvard University. Without their interest and co- 
operation, this study could not have been carried out. 

He wishes also to take this opportunity to thank those who 
kindly have supplied material, specifically: The Aluminum Company 
of America, and F. Keller of that Company; The Western Electric 
Company, and R. A. Price of that Company; E. E. Schumacher, 
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‘allurgical Engineer, Bell Telephone Laboratories; and Dr. Jo 


Clough of the DuPont Company. 


DISCUSSION 


Written Discussion: By R. H. Harrington, Research Laboratories, 

eral Electric Co., Schenectady, N. Y. 

\lthough the data of this paper do not justify too general a theory, the 
riter would like to suggest as one interpretation the possibility that pressure 
riations can alter the composition of phases in a manner similar to that of 

perature. Thus the author’s data could result from an extension of the 

lution field. This would decrease the amount of the precipitating phase during 

re-hardening under pressure. If this pressure is reduced to that of the atmos 

ere, the amount of the precipitating phase would be increased to that indi 
cated on the standard equilibrium diagram and “normal” age hardening could 
be achieved. Perhaps this interpretation might help in the author's conclusions 
regarding the quantitative relationship of the compressibility ratios of lead, 
iluminum and iron. 

Dr. Joun JonNnston:' Some twenty years ago I was much interested in 
the measurement of compressibility, and at that time I consulted all of the 
available literature. In recent years I have not kept in touch with it, but I be 
lieve the conclusions remain the same, namely, that hydrostatic pressure, as 
opposed to some type of compression which induces a deformation, is without 
nuch effect on most solids and liquids. It is particularly without effect on 
the rate of reaction. As Mr. Harrington suggests, it does make some diffet 
ence to the solubility, but usually so slight a difference that it would seem that 

author’s results are just about what you would expect, namely, that the 
hydrostatic pressure should exert little influence on the rate of aging. This is 
entirely in accord with the general picture of the effect of pressure on solids and 
liquids of all kinds. 

Pressure can affect the equilibrium; and the magnitude and direction of 
the change can be calculated by established thermodynamic methods. But you 
cannot predict in any way how it is to affect the rate; that can only be deter 
mined by experiment. In those measurements that have been made so far no 
general relation could be found between the influence of pressure on the rate 
and the direction of the volume change. The influence of pressure cannot be 
predicted from a knowledge of whether the volume increases or decreases during 
the reaction. In these rates of aging that are being discussed the effect of 
hydrostatic pressure is slight. 

Dr. Maxwe_t GeNSAMER:” I would like to ask the author whether or 
not the volume change accompanying the aging process is always in the same 
direction for these five alloys. It would have been very interesting if he could 
have included studies on some alloys in which the volume changes were in the 
opposite direction. This might lead to a little more profitable speculation than 
that which the author has made on the compressibility of the alloys. 

Research Laboratories, U. S. Steel Corporation, Kearny, N. J. 

Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh. 
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L. W. Kempr:* I might answer to some degree Dr. Gensamer’s g 
Suppose we read a sentence in Dr. van Wert’s introduction, which ¢ 
seems to me, the reason behind this research or the idea which first su; 
it to his mind. On the second page of the paper he says, “Because of the cir. 
cumstances that an appreciable volume (density) change is a common con. 
comitant of aging, it was felt, at the time this investigation was planned, that 
high pressures might be of some effect on aging. It seemed reasonable to 
assume that pressure might accelerate the aging process where a decrease jp 
volume occurs during aging, and have the opposite effect if aging results in a 
volume increase.” It appears that Dr. van Wert has very definitely demon 
strated that high pressures retard the rate of aging. With regard to aluminum 
alloys, there are probably at least two factors which might bring this about 
One might be the decrease in the diffusion rate by compression of the solvent 
lattice, the other a shift of equilibrium conditions toward an end product of 
greater density. In case the normal volume change on aging was toward a de- 
crease in density, the application of pressure should retard aging, and vice 
versa. Dr. van Wert’s statement of his motivating idea is essentially what | 
have termed the second factor in the foregoing. This factor has not been 
investigated in the present research, at least in the aluminum alloys, since 
appreciable volume changes do not occur in these alloys under the conditions of 
the experiments. In some aluminum alloys aged at elevated temperature (as 
has been demonstrated quite a number of times) real volume changes take place 
Unfortunately, the limitations of Dr. van Wert’s apparatus precluded his 
carrying out these investigations at elevated temperatures. Had he been able 
to do this, I think there is a possibility that he might have been able to demon- 
strate a much larger effect. It is quite conceivable that the application of high 
oressures at temperatures which bring about volume changes would be effective 
in both ways simultaneously. 


8 Aluminum Company of America, Cleveland. 
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NONMETALLIC INCLUSIONS IN STEEL 
Part Il. Sulplides 
By STEPHEN F. URBAN AND JOHN CHIPMAN 
Abstract 


Part II contains a description of the nonmetallic 
inclusions that were prepared by adding various elements 
and iron sulphide to liquid tron under a vacuum. The 
types of inclusions that are formed when the same ele 
ments are added to liquid iron containing iron sulphide, 
and melted in air, are described in Part IIT. Part IV con 
tains a description of the inclusions that are formed when 
titanium or zirconium are added to liquid iron saturated 
with nitrogen. The effect of various reagents on individual 
inclusions, as well as scheme of identification, is given in 
Part V. 


PREPARATIONS OF SULPHIDE INCLUSIONS 


\N order to prepare steels containing only sulphide inclusions and 
essentially free from oxides, the melts were made in a vacuum 
induction furnace. The furnace consisted of a 4-inch silica tube fit- 
ted with water-cooled brass ends and surrounded by a high frequency 
induction coil. The crucibles were made of high-purity fused mag- 
nesia. Enough carbon was added to reduce the iron oxide to carbon 
monoxide and to leave a residual of 0.10 to 0.20 per cent carbon in 
the steel. On account of the high percentage of sulphur in the speci- 
mens, their oxygen content could not be determined by the vacuum 
fusion method. Analyses of steels prepared in the same manner but 
low in sulphur have shown that with carbon present the oxygen con- 
tent is always very low. A typical heat record is given in Table I. 
The last portion of the liquid to solidify should be the Fe-FeS 
eutectic at 985 degrees Cent. (1805 degrees Fahr.). The fact that 


This paper is taken from a dissertation submitted by S. F. Urban in partial 
iulhllment of the requirements for the degree of Doctor of Science at the Uni- 
versity of Michigan. Dr. Urban is now associated with the Research Labora- 
tory, U. S. Steel Corp., Kearny, N. J. Dr. Chipman is Associate Director, Re- 
‘earch Laboratories, American Rolling Mill Co., Middletown, Ohio. Part I 
| this paper appeared in the March 1935 issue of Transactions. Manuscript 
received January 19, 1935. 
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the inclusions do not appear to possess a eutectic structure is \ 
less due to a rapid separation of the phases as suggested by \V 
man (2)"*,. 

In the unetched condition the sulphide inclusions appeare« { 
consist of a single phase. When these inclusions are examined in th 
etched condition, shown in Fig. 12, we find that they possess a duplex 
structure. One of the constituents is tan in color, while the other 
is flesh colored. The explanation of this appearance is by no means 
clear. 

The relation of ferrous sulphide inclusions to grain boundaries js 


worthy of note because all investigators except Wohrman (2) have 





Table I 
Log of Heat 25 
Charge: 1510 grams Armco iron, 50 grams Synthetic Fe-C alloy and 8 grams of 
sulphide. 


Final addition: 11 grams Ferrochromium. 








lime Pressure (millimeters) Remarks 

9:50 760 Pumps on 

10:00 l Power on, 5 KW. 
10:30 0.01 Power raised to 10 KW 
10:45 10 Fe-C alloy melts 

10:50 3 Power raised to 15 KW 
11.00 25 Charge nearly melted 
11:10 8 Charge melted 

11:15 0.5 

11°21 0.2 Ferrochromium added 
11:27 0.2 Power off 

11:32 0.005 Metal solidified 





contended that red shortness is due to the presence of the inclusions 
in the grain boundaries. Wohrman has shown that the inclusions 
have a fandom arrangement with respect to the grain boundaries, 
frequently crossing a boundary. A study of the inclusions in this 
heat is in agreement with Wohrman’s observations. They occur in 










the boundaries between the original dendrites formed by solidifica- 
tion and have little or no relationship to the boundaries of the ferrite 
grains. 

Note on Red Shortness. Becker (17) and later Loebe and 
Becker (18) suggested that red shortness was due to the absorption 
of oxygen by the Fe-FeS eutectic which they believed to represent 
the sulphide inclusions in iron. They have shown that the eutectic 
begins to take up oxygen at 600 degrees Cent. (1110 degrees Fahr.), 
the absorption being very rapid at 900 degrees Cent. (1650 degrees 
Fahr.). That large amounts of iron oxide are absorbed into the 





1The figures appearing in parentheses refer to the bibliography appended to this pape! 
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Ferrous Sulphide Inclusion in Heat 21. X_ 1090. 
Ferrous Sulphide, Etched to Show Duplex Structurs < 1000 
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Fig. 13—-Oxide Penetration Along Sulphide Network in Heat 21 After Attempt t 
Forge. X 100. 
Fig. 14—-Structure of Oxidized Sulphide Inclusions of Heat 21. x 1000 
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nhide at forging temperatures is demonstrated in Fig. 13. Pene- 
ation along the sulphide network has occurred to a considerable 


epth. The structure of the oxidized inclusions is shown in Fig, 14. 


ere the light tan dendrites are iron sulphide embedded in the 
eQ-FeS eutectic. Similar structures were observed in pieces an- 
nealed in air at 1000 degrees Cent. (1830 degrees Fahr.). 

The fact that ferrous sulphide inclusions oxidize readily is not 
| proof that the absorption of oxygen is the cause of red shortness. 
This was checked by heating specimens in purified nitrogen at 1250 
degrees Cent. (2280 degrees Fahr.) and forging. The samples were 
completely red short, indicating that red shortness is not associated 
with oxygen absorption by the sulphide inclusions but rather to the 
presence of the sulphide itself. Several samples were heated in air 
at 925 degrees Cent. (1700 degrees Fahr.) and forged. These 
samples were difficult to forge because they were small and therefore 
cooled rapidly ; however, none of the samples showed any signs of 
red shortness which would be expected if Becker’s theory were cor- 
rect. The most logical explanation is that the iron sulphide 
which has been trapped in the interstices of the dendrites is com 
pletely liquid above the eutectic temperature, 985 degrees Cent. 
(1805 degrees Fahr.), red shortness in pure iron-sulphur alloys 
occurs above this temperature but not below. This differs from 
red shortness in low-sulphur, high oxygen ingot iron which occurs 
in the range 860 to 1050 degrees Cent. (1550 - 1920 degrees Fahr.). 


MANGANESE SULPHIDE-IRON SULPHIDE 


Heat 22. Sulphur 0.140, Manganese 0.43. Until recently, i 
was thought that manganese was the only efficient desulphurizing 
agent. There has been considerable doubt about the reversibility of 
the reaction FeS -+ Mn = MnS + Fe. McCance (19) suggested 
that the reaction was not reversible, which would infer that heats con- 
taining both sulphur and manganese would contain pure manganese 
sulphide inclusions. It may be stated that his belief was based on the 
report by Arnold and Bolsover (20) that the sulphides of iron and 
manganese do not form solid solutions. ‘The question was discussed 
for a number of years without any definite conclusion, until Herty 

npt t and True (21) published experimental evidence to show that the 
reaction is reversible. Further evidence on the reversibility of the 
reaction will be given in the following paragraphs. 
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In Heat 22, which contains sufficient manganese to form 
with the sulphur present, the cell patterns are not continuous 
the case of ferrous sulphide inclusions. The network has been | 
up into a series of elongated and globular inclusions. A large ni 
of these consist of two phases, one of which is tan in color. 
the other is best described as a gray of varying shades. Thes, 
clusions have been previously described by Wohrman (2). A com 
plete equilibrium diagram for the system FeS-MnS was recently pub 
lished by Shibata (22). He found a eutectic at 1146 degrees Cent 
(2095 degrees Fahr.) which consists of the alpha solution oj 
FeS with 2 per cent of MnS at the eutectic temperature and the beta 
solution containing 75 per cent of FeS at the eutectic temperature 
and 24 per cent at room temperature. The light tan constituent of 
some of the inclusions is, therefore, nearly pure ferrous sulphide, 
which it closely resembles. This was also demonstrated by an ex- 
amination in reflected polarized light, which showed that these in- 
clusions were anisotropic like the pure ferrous sulphide inclusions 
The light gray inclusions correspond to the beta solution whose var 
iable composition readily explains the variation in color that is 
observed. 

Quenching and annealing from 1000 degrees Cent. (1830 de- 
grees Fahr.) did not alter the structure of any of the inclusions found 
in this heat. The inclusions were, however, readily deformed on 
forging and the small amount of manganese present was sufficient 
to prevent red shortness ; the ingot forged perfectly. 

Heat 23. Sulphur 0.159, Manganese 1.52. This heat con 
tained an excess of manganese over that required to form Mn§S with 
the sulphur present. <A typical group of inclusions are shown in Fig. 
15. It is apparent that even with large additions of manganese the 
cell pattern is still retained. However, it is made up of small rounded 
inclusions. At this low magnification the inclusions appear to con- 
sist of a single dove-gray phase. At higher magnifications, such as in 
Fig. 16, a light tan constituent is found to be associated with the gray 
portions of the inclusions. The light tan phase is again the alpha solid 
solution consisting mainly of ferrous sulphide, whereas the gray 
portions of the inclusions are richer in manganese sulphide. The 
presence of FeS in these inclusions is further evidence of the re 
versibility of the reaction, FeS + Mn = Mns + Fe. 

Note on Banding. An etched section of Heat 23 at low mag- 
nification is shown in Fig. 17. The inclusions that form the cell 
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Manganese Sulphide Inclusions in Heat 
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pattern are never found in pearlite areas. They invariably occur jy 


the ferrite, in contra-distinction to ferrous sulphide inclusions which 
are found in either the pearlite or the ferrite. This segregation of 
ferritic and pearlitic areas is still retained when the steel is forged 
and gives rise to the familiar phenomenon of banding. It is not the 
manganese sulphide which causes the segregation, but the man- 


ganese itself. The inclusions simply act as markers to indicate the 










portions of the metal which were last to solidify and which, therefore. 
contain an excess of manganese. The carbon segregation, indicated 
by the pearlitic areas, arises during the cooling of the steel and is to 
be ascribed to the effect of manganese upon the solubility of carbon 
in austenite and upon the rate of decomposition of the latter. 





























ALUMINUM SULPHIDE-IRON SULPHIDE 





Heat 24. Sulphur 0.15, Aluminum 0.50. The inclusions in 
this heat have a marked tendency to form massive cell patterns that 
are very similar to ferrous sulphide inclusions, for which they can 
readily be mistaken at low magnifications. At higher magnification 
it becomes evident that the inclusions are quite different from ferrous 
sulphide. A typical group is shown in Fig. 18. For the most part, the 
inclusions are tan in color and contain islands of a gray constituent. 
A careful examination of the photomicrograph reveals also a number 
of parallel plates of the gray constituent in these inclusions. Data on 
the relationship between iron and aluminum sulphides are entirely 
lacking, but a study of the inclusions indicates that the two sulphides 
are at least partly soluble in each other at elevated temperatures, 
since this is the only way that the parallel plates of the gray con- 
stituent could have been formed. Etching tests indicate that the 
tan constituent is not pure ferrous sulphide. Annealing at 1000 de- 
grees Cent. (1830 degrees Fahr.) developed a characteristic eutectic 
structure in the inclusions, which would indicate that the mutual 
solubility of the two components is evidence that aluminum is not an 
efficient desulphurizer. 

On forging, the ingot cracked rather badly before it was de- 
formed to an appreciable extent. This confirms the microscopic 
evidence that aluminum is not an efficient desulphurizer. 


CHROMIUM 





SULPHIDE-IRON SULPHIDE 





Heat 25. Sulphur 0.15, Chromium 0.56. This heat contained 
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Fiz. 17—Cored Structure of Heat 23 Showing Manganese Sulphide Inclusions in 
Ferrite. Etched in Nital. 100 ; : 
Fig. 18—-Mixed Sulphides of Aluminum and Iron in Heat 24. X 1000. 
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inclusions which at low magnifications resemble simple fe; 
sulphide. [Even at comparatively high magnifications, they m:; 


mistaken for ferrous sulphide, except that the color is not a 










tan. Using the highest magnifications available, it is possible t 
tice a definite difference between the inclusions of this heat and th 
simple ferrous sulphide inclusions. The majority of the inclusion 


like those shown in Fig. 19, are made up of a large number oj 


I 











parallel and narrow bands, alternately gray and tan in color. Again 
we have an indication of solubility of the two sulphides at steel melt 
ing temperatures, as well as the rejection of a second sulphide phase 
from the parent solution. In the absence of any detail data on the 
system eS-Cr,S, it may be postulated that the tan constituent is rich 
in ferrous sulphide, while the gray constituent contains chromium 
sulphide. Itching tests show that these inclusions are distinctly dif 


























ferent from pure ferrous sulphide, even though the resemblance of 
the two types is very close. 

None of the inclusions in this heat were affected by quenching 
or annealing. On forging the ingot cracked after a small reduction, 
showing that chromium is a poor desulphurizer and does not eliminate 
red shortness. 


‘TITANIUM SULPHIDE 





Heat 26. Sulphur 0.15, Titanium 0.26. Titanium sulphide in- 
clusions form a very broken network pattern. The cell walls are 
made up of a series of gray needle-like inclusions. There was no 
evidence-of the presence of ferrous sulphide, either isolated or asso 
ciated with the other inclusions. This suggests that titanium acts as an 
efficient desulphurizer which was subsequently confirmed by the tact 
that the ingot forged with ease. These inclusions were not affected 
by quenching, annealing, forging or any of the common etching re 
agents that will attack the usual sulphides found in steel. 





ZIRCONIUM SULPHIDE 


Heat 27. Sulphur 0.15, Zirconium 0.30. Feild (23) is the 
only investigator who has studied the desulphurizing action of zir- 
conium. His experiments showed that red shortness was eliminated 
when zirconium was present in an amount greater than the ratio 
1.14:1 which corresponds to the sulphide ZrS,. Feild states that 
zirconium sulphide inclusions are gray in color like the manganese 
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sulphides and are readily deformed by forging. An examin: 


On 


of the inclusions in the forged ingot of this heat showed that 


ey 
are angular or crystalline, which is characteristic of inclusions whose 
melting point is higher than that of iron, and that they were no} 

formed by forging. That Feild’s inclusions were contaminated }y, 


manganese sulphide is evident from the fact that his melts contained 
0.16 per cent manganese. 

lig. 20 shows a typical group of inclusions at a high magnifica 
tion. These inclusions vary in color from tan to gray, the majority 
being tan. The tan inclusions are anisotropic, which is in accord 
ance with the data on the sulphide ZrS,. The nature of the gray 
isotropic inclusions is uncertain. It should be pointed out that, in 
addition to sulphur and zirconium, this heat contained an appreciable 
amount of silicon and the inclusions may, therefore, contain sub 
stances other than simple zirconium sulphide. None of the inclusions 
were affected by quenching, annealing or forging and the ingot forged 
perfectly. 

A summary of the heats and their analyses is given below. 
The figures in parentheses are calculated from the weights of the 


charge. 


Table Il 
Sulphur-Bearing Steels Prepared in Vacuum Furnace 














Per cent Sulphur Per cent Other Element 
21 0.158 None 
22 0.140 0.43 Manganese 
23 0.159 1.52 Manganese 
24 (0.15) 0.50 Aluminum 
25 (0.15) 0.56 Chromium 
26 (0.15) 0.26 Titanium 

(0.15) 0.30 Zirconium 








[IRON SULPHIDE INCLUSIONS 








Heat 21. Sulphur 0.158 per cent. It has long been known 
that fairly pure iron-sulphur alloys contain a more or less continuous 
network of sulphide. A part of this network or cell pattern is shown 
in Fig. 11. Its manner of formation may be briefly explained as 
follows: Iron sulphide is soluble in molten iron, but it is nearly in 
soluble in solid iron; therefore, as the iron solidifies the sulphide is 
rejected into the portions that are still liquid. This process continues 
until the iron is completely solidified; the liquid sulphide is now 
trapped in the inter-dendritic spaces. Occasional small globular in- 
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ions are formed from sulphide particles that are trapped in the 


iy of the dendrites. 


EFFECT OF SULPHIDE INCLUSIONS ON ForRGING 


In the above paragraphs the effect of forging on inclusions has 


been discussed and, in some CaSeS, the effect of inclusions on forge 


ability was mentioned. Data on the forging properties of the ingots 


ire assembled bel ww. 


it Number Alloy Behavior on Forging 
Per Cent 


None Cracked under first blow 
0.43 Manganese Forged perfectly 

1.52 Manganese Forged perfectly 

0.50 Aluminum Not forgeable 

0.56 Chromium Not forgeable 

0.26 Titanium Forged perfectly 

0.30 Zirconium Forged perfectly 


On deep. etching of sections of the original ingots, it was found 
that those heats which forged readily had a fine structure whereas 
the others were coarse and dendritic. 


Part III. Oxide-Sulphide Mixtures 


To obtain inclusions containing both oxides and sulphides a 
series of sulphur-bearing steels was prepared in an open induction 
furnace. Steel scrap, ore and ferrous sulphide were melted together 
and the alloy element was added just before casting into an iron 
mold. The steels contained approximately the same percentage 
of sulphur as those in which the simple sulphides were studied. In 
the table below the amount of the alloy addition is recorded. Very 
low recoveries were to be expected and hence the amount of alloy re- 
tained was much less than that shown. The sulphur contents ranged 
from 0.15 to 0.18 per cent. 


x 


Table Ill 
Heats Containing Oxides and Sulphides 


Heat No. Alloy Addition, per cent 


None (ingot iron charge) 
Manganese 0.5 

Manganese 2.0 

Aluminum 0.3 

Chromium 0.¢ 

Zirconium 0.3 Silicon 0.3 
Titanium 0.3 Silicon 0.3 
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IRON OXIDE-SULPHIDE 


Heat 28. Sulphur 0.18 per cent. At low magnification 
inclusions in this heat could readily be mistaken for ferrous 
At higher magnifications they appear complex in structure, cons 


of gray and mottled areas. The gray areas are rich in FeO whil 


21—Oxide-Sulphide Inclusions in Low Manganese Steel. xX 1000. 
‘ig. 22—Oxide-Sulphide Inclusions in Steel of Higher Manganese Content Heat 
30. & 1000. 


mottled areas correspond to the FeO-FeS eutectic. Of particular 


interest is the fact that the presence of oxygen completely destroyed 
the massive cell patterns which are typical of ferrous sulphide. 


The effect of quenching, annealing, and forging could not be de- 
ermined because the inclusions were too small for such detailed 
studies. The effect of the inclusions on forging was quite unexpected. 
Fell (24) and others have reported that in the presence of sulphur 
very small amounts of oxygen would make a steel red short. Con- 
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to this statement and very surprising in view of the hot short 


of simple oxide or sulphide heats, the ingot forged quite readily, 


MANGANESE OXIDE-SULPHIDE 



























Heat 29. O15 per cent Sulphur, Low Manganese. The in- 
clusions in this heat had a random distribution which is similar to that 
f the simple manganese sulphides. A typical section of the inclusions 
found in this heat is shown in Fig. 21. The gray portions of these 
inclusions can readily be mistaken for the FeO-MnO type of in 
clusion. However, etching tests show that they contain considerable 
amounts of manganese sulphide. It is quite probable that the oxide 
and sulphide are at least partly soluble in each other. Etching tests 
also show that the light tan portions of the inclusions are rich in fer 
rous sulphide. 

\nnealing and quenching did not affect the structure of these 
inclusions; however, they showed a fair degree of elongation on 
forging. 

Heat 30. Sulphur 0.15, High Manganese. The inclusions in 
this heat formed a dot cell pattern which is also characteristic of the 
heat containing the pure sulphide inclusions high in manganese 
(Fig. 15). For the most part the inclusions are similar to those shown 
in Fig. 21, except that a few contain a eutectic structure. One large 
eroup of inclusions was found in the forged ingot, these are shown 
in Fig. 22. The light particles are ferrous sulphide-oxide mixture, 
while the various groups of grays contain large but varying amounts 
of manganese sulphide. None of these inclusions was affected by 
quenching or annealing. 


ALUMINUM OXIDE-SULPHIDE 





Heat 31. Sulphur 0.15 per cent. Deoxidised with Aluminum. 
\t low magnifications the inclusions resemble the ferrous sulphides 
in color, but are more globular in form. A number of dark gray in 
clusions were found which resemble the fluxed aluminate type that 
has been described previously (See Fig. 8). The light tan inclusions 
are not attacked by the reagents that will react with the corresponding 
pure sulphides, indicating that considerable amounts of the oxides are 
in solution with the sulphides. This is further confirmed by the fact 
that only a limited number of aluminate inclusions were found, and 
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Fig. 23—-Complex Chromium-Iron Oxide-Sulphide Inclusion in Heat 32 
Fig. 24—Zirconium Oxide-Sulphide in Heat 33. > 1000. 





NONMETALLIC INCLUSIONS IN STEE!1 661 


of the groups that are so characteristic of the usual aluminum- 
| steels. 


CHROMIUM OXIDE-SULPHIDE 


Heat 32. Sulphur 0.15 per cent. Chromium Added. Fig. 23 
shows the complex structure of the inclusions in this heat, which con- 
sists of tan and gray areas and an eutectic. The almost complete 


1 


absence of chromite inclusions indicates that this substance is quite 


soluble in the sulphides. The tan inclusions are ferrous sulphide, 
while the light gray inclusions are probably a complex solid solution 
of the sulphides and the oxides of iron and chromium. The eutectic 
in these inclusions has also been reported by Lofquist (9). 


ZIRCONIUM OXIDE-SULPHIDE 


Heat 33. Sulphur 0.15 per cent. Deoxidized with Silicon- 
Zirconium, These inclusions are quite complex as is shown by Fig. 24. 
Part of the complexity may be due to the presence of silicates since 
the zirconium alloy contained silicon, The inclusions are crystalline and 
are light gray in color. A number of dark gray inclusions are also 
found which are always embedded in the lighter inclusions. In spite 
of the fact that this heat contained both silicon and oxygen in addi- 
tion to the zirconium, the inclusions were more similar to the simple 
zirconium sulphides than to any silicates or oxides. In both cases 
the inclusions have a crystalline form, but the oxide-sulphides are 
light gray in color compared to the pure sulphides which are flesh 
to tan colored. Since no zirconium silicates are found and the in- 
clusions have retained the crystalline form of the pure sulphides, 
it can be concluded that they consist of a solid solution of the oxides 
in the sulphides. This may further be interpreted as evidence that 
zirconium is a very powerful desulphurizer even in the presence of 
oxygen. The white areas in some of the inclusions are in reality yel- 
low nitrides which frequently appear in a photomicrograph lighter 
than the metal background. 

The crystalline nature of these inclusions would suggest that 
they would not be affected by ordinary treatments. This conclusion 
was verified by an examination of the quenched, annealed and forged 
specimens. 

TITANIUM OXIDE-SULPHIDE 


Heat 34, Sulphur 0.18 per cent. Deoxidized with Titanium 
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Fig. 25—Titanium Oxide-Sulphide in Heat 34. xX 1000. 


Fig. 26—Zirconium Nitride Inclusions in Heat 36. X 1000. 
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i Silicon. A typical group of inclusions found in this heat is 
wn in Fig. 25. They are somewhat similar to the pure sulphide 

nelusions but the presence of oxides is also evident. Even though 

the inclusions in this heat are very similar to the simple sulphides, 
etching tests show that they are not pure sulphides. 

These inclusions were not affected by quenching or annealing 
at 1000 degrees Cent. (1830 degrees Fahr.). Heating to forging 
temperatures, however, completely changed the structure of the in- 
clusions, and developed in many of them an appearance characteristic 
of eutectics. This was the only heat of the oxide-sulphide series 
which cracked on forging. The ingot was not excessively red-short 
and we are of the opinion that a slightly larger titanium addition 
would have resulted in a readily forgeable steel. 


Part IV. Nitrides 


When pure iron is melted in an atmosphere of nitrogen it dis- 
solves considerable quantities of the gas. If the melting is conducted 
in a magnesia-lined induction furnace, the gas absorption is fairly 
rapid and the metal soon contains its saturation amount of about 
0.04 per cent nitrogen (25). When metal in this condition is deox- 
idized with silicon or aluminum and poured into a small mold, the 
ingot is puffy and full of blow holes. On the other hand, if titanium 
or zirconium is added to the metal shortly before pouring, the re- 
sultant ingot is entirely sound. The dentrifying action of these 
elements has repeatedly been checked in laboratory melts. The two 
heats listed below were selected for a study of the nitride inclusions 
which are formed by the reaction of the zirconium or titanium with 
the dissolved nitrogen or iron nitride. 





Table IV 
Heats Melted Under Nitrogen 





Heat No. Electrolytic Iron Alloy Addition 
35 1800 grams 40 grams ferrotitanium 
36 1800 grams 50 grams silicon-zirconium 


The appearance of the nitride inclusions in these two heats was 


identical. They may be most simply described as pale yellow cubes. 
In the polished specimen they are rather difficult to see or to photo- 
graph on account of their highly metallic reflectivity. Fig. 26 shows 
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a typical cluster of nitrides associated with a darker materia! 
is oxidic in character. 
Along with the pale lemon yellow cubes, there were a | 


ted 
number of pink inclusions which were usually embedded in the yel- 
low type. Titanium nitride inclusions have frequently been de- 
scribed as pink (26) although it is known that the pure nitride js 
yellow (27). Apparently the color is affected by the presence of 


other substances, especially titanium carbide which is isomorphous 
with the nitride. The pink inclusions may be regarded as a solid 
solution of the carbide in the nitride. 

As previously mentioned, there is no difference in the appear- 
ance of the inclusions found in the two heats. There is, however, 
a marked difference in the behavior of the two types of lemon colored 
inclusions towards hydrofluoric acid. This reagent will dissolve 
the yellow inclusions found in the heat containing zirconium, while 
the inclusions containing titanium are not affected. This affords a 
method of differentiating between the nitrides of these two elements. 






Part V. Methods of Identification 


The identification of a small inclusion by simple microscopic 
observation is often a matter of great uncertainty. True, certain 
very common types are easily recognized and the nature of some of 
the more complex and less common inclusions may sometimes be in- 
ferred from analyses and heat records. Nevertheless, the general 
problem of identification is not to be considered solved, even in a 
roughly qualitative sense, until a much greater certainty can be ob- 
tained than is possible at the present time. In the case of a large 
inclusion, a great deal can be learned by removing it from the steel 
and subjecting it to petrographic examination. The difficulty of 
this attack increases as the size of the particle diminishes. Examina- 
tion under polarized light is often helpful but, except in a few special 
cases, it is not conclusive. Both of these methods have been em- 
ployed during the course of this investigation, but they have proven to 
be of less practical usefulness than the action of chemical reagents 
upon inclusions in the polished steel specimen. 

Among the early investigators who used etching reagents in the 
identification of inclusions may be mentioned LeChatelier and Zieg- 
ler (28), Law (29), Matveieff (1), Rohl (30), and Comstock (31). 
Later Campbell and Comstock (32) prepared a systematic scheme 
of identification which was subsequently amplified by Wohrman (2). 
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ne of these investigators used alloy steels and, consequently, 


re is little available information on inclusions other than those 
nd in plain carbon steels. The present study includes several 

nes found in alloy steels and in steels treated with speciai 
oxidizers and denitrifiers. 

We have found that the observations of Campbell and Comstock 
ind of Wohrman regarding the effects of etching reagents are, in 
veneral, quite correct. They are, however, rather incomplete, not 
only on account of the limited number of inclusion types investi- 
vated, but also because of their failure to report the action of each 
reagent upon each kind of inclusion. This places the user of the chart 
in about the same predicament with the person who has no knowledge 
of elementary chemistry but must conduct a qualitative analysis 
by means of the usual outline. 


REAGENTS 


The preparation of those reagents which were found to be use- 

ful is described below : 

|. 10 per cent Alcoholic nitric acid: Make up 15 cubic centimeters 
of nitric acid (Sp. Gr. 1.42) to 100 cubic centimeters with 95 
per cent ethyl alcohol. 
10 per cent Chromic Acid: Dissolve 10 grams of chromic acid 
in water to make 100 cubic centimeters. 
Alkaline picrate: Dissolve 25 grams of sodium hydroxide in 
about 75 cubic centimeters of water, heat near boiling point and 
add 2 grams of picric acid. Make up to 100 cubic centimeters. 
Stannous chloride: Saturate 95 per cent ethyl alcohol with stan- 
nous chloride. Must be used fresh. 
20 per cent Hydrofluoric acid: Make up 42 cubic centimeters of 
hydrofluoric acid (48%) to 100 cubic centimeters with water. 
5 per cent Alcoholic Hydrochloric acid: Make up 15 cubic cen- 
timeters of hydrochloric acid (Sp. Gr. 1.18) to 100 cubic cen- 
timeters with 95 per cent ethyl alcohol. 
Ferric chloride: Dissolve 1 gram of ferric chloride in 100 cubic 
centimeters of 95 per cent ethyl alcohol. 
Aside-lodine reagent: 0.1 gram sodium azide and 1.25 gram 
iodine in 100 cubic centimeters of water. 
Alkaline permanganate: Dissolve 0.6 grams of potassium per- 
manganate and 2 grams of sodium hydroxide in i00 cubic cen- 
timeters of water. Use fresh. 
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Line 
No. Type 


1 


FeS 


MnS-FeS 
High Mn 


MnS-FeS 
Low Mn 
ZrSeFeS 
AlpS-- 
FeS 
CroSs-FeS 
TiSg-FeS 


FeO 


Mno-FeO 


Chromite 
FeO-SiO, 


MnO-SiOg 


Alot )s- 
FeO 


CaO-SiO, 


FeO-FeS 


MnO-FeO 
FeS-MnS 
High Mn 
MnO-FeO 
FeS-Mns 
Low Mn 
ZrSe-FeS 
ZrO,z-FeO 


Al,pS;-FeS 
Alo )e- Fe( ) 


CroS3-FeS 
CrgO3-FeO 


FeO-TiO, 
FeS-TiS, 
TiN 


ZrN. 


NOTES: 
move etching effect. 
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Table V 


The Effects of Etching Reagents Upon Nonmetallic Inclusions in Steel (Cy 


Description in 
Unetched 
Condition 

Light tan cell- 
walls 

Light gray dot 
and-dash cell- 
structure 

Light 
tan 


gray and 


Tan crystals 

Tan and gray 

Gray 

Gray needle-like 
forms 


Round medium 
gray plain 
Mostly 


Grays 


Complex 


Medium gray, 
sharp cornered, 
easily polished 

Mostly dark 
glassy and 
semi-glassy 

Mostly glassy or 

semi-glassy 

Irregular sma 11 
gray, difficult to 
polish 

Glassy, semi- and 
spangled 

Complex of gray 
and tan with 
eutectic 


Gray and tan re 
sembling MnS 


Light gray to tan 
and eutectic 


Light and Med- 
lum gray crys- 
tals 

Very light gray, 
or tan 

Gray and _ tan, 
rounded 


Very small 
needles and 
some eutectic 

Pale yellow’ or 
pink cubes 

Pale yellow cubes 
with complex 
pink cells 


(1) One minute 


Appearance 
Under Pol- 
arized Light 
with Nicols 
Crossed 


Anisotropic 
No effect 
FeS Aniso- 
tropic 
Anisotropic 
Anisotropic 
No effect 
No effect 
No effect 
Opalescent 


green to 
brown 


No effect 


sright and 
transpar- 
ent 
Irregularly 
Iridescent 
No effect 


Opalescent 


Eutectic ap- 
pears ani- 
sotropic 


No effect 


No effect 


No effect 


No effect 


No effect 


No effect 


No effect 


No effect 


repolishing removes etching effect. 


Alccholic 
Nitric Acid 
10 Sec. 


No effect 
Eutectic at 
edges 
brought out 
No effect 


No effect 

No effect 

No effect 

Eutectic at 
edges 
brought out 

No effect 


No effect 


No effect 
No effect 


No effect 


No effect 


No effect 


More con- 
trast 


No effect 


More con- 
trast of 
eutectic 


No effect 
No effect 


No effect 


No effect 


No effect 


No effect on 
yellow pink 
cells intens- 
ified 





10% Chromic 


Acid 
5 Min. 


No effect 


All removed 


No effect 


No effect 
No effect 


No effect 
No effect 
No effect 


No effect on 
small plain 
or complex. 
Large com- 
plex dark- 
ened 

No effect 


No effect 


No effect 


No effect 


No effect 


No effect 


All gray 
badly at- 
tacked 

No effect 


No effect 


No effect 


No effect 


Eutectic 
blackened 


No effect 


No effect 


Alkaline Picrat 
Boiling 
5 Min. 


Darkened and 
moved in part 
Blackened 


Both removed 
in part 

No effect 

Blackened and 
partly removed 

All darkened 

No effect 


No effect 
Plain gray remoy: 


No effect on com 
plex 


No effect 
No effect 


No effect 


No effect 


No effect 


No effect on gray. 
fan and eutectic 
darkened 


Light gray black- 
ened 


No effect 

Medium gray 
darkened 

No effect 

No effect on 
chrome. Others 


blackened or re- 
moved 


Darkened 


Complex removed 


Cell structure 
darkened 


(2) One minute repolishing does not 


removed, eu 
darkened 


removed No 


t on eutecti 


ll removed 


Yo effect 


eedles are re- 
moved 


effect 


NOTE: (1 


move etching ef 


‘ 


of in 
espec 
(34) 
other: 
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Table V 
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The Effects of Etching Reagents Upon Nonmetallic 


20% 
fluoric 
10 min. 


All removed 


All removed 


All remoy ed 


All removed 
All removed 


All removed 


All removed 
All removed 


All removed 


No effect 
All removed 
All removed 
No effect 
All removed 


eedles are re- 


No effect 


Yellow cubes 5 


badly at- 
tacked 


Hydr 
Acid 


0- Alcoholic 


chloric 


Hydro- 
Acid 


1 min. no effect, 
5 min. removes all 


| min. removes medium 


and small. 5 min. 
removes all 

1 min. removes gray, 
5 min. removes all 

5 min. no effect 

1 min. no effect, 5 min. 


removes tan. No ef- 
fect on eutectic 


5 min. no effect 


no effect 

1 min. no effect, 5 min. 
removes all 

All removed in 2 


5 min. 


min. 


No 
No 
All 
No 
No 
1 min, 
5 min. 


5 min. 
5 min. 


effect in 
effect 


removed 


in 
in 5 min. 


effect in 5 min. 


effect in 5 min. 


badly attacked 
removes all 


Completely removed in 
2 min. 


Completely removed in 


2 min. 


5 min, some inclusions 
attacked, others not 


Some badly attacked, 
most blackened in 

2 min. 

min. badly attacked 
5 min. no effect 


bo 


no effect 
no effect 


5 min. 
min. 


1% Ferric 
Chloride in 
Alcohol 


5 min, 


No effect 


No effect 


No effect 


No effect 
No effect 


No effect 


No effect 
Darkened 
slightly 
Darkened 
slightly 


All darkened 
considerably 
Gray more 
than tan 


Inclusions in Steel 


Azide -lodine 
Reagent 
Stained gray in 
5 min. 
Some removed in 60 
others not re 


SoCo 
moved in 10 min. 
FeS stained gray. 


MnS darkened 


removed 


or 


5 min. no effect 
No effect on tan or 
eutectic in 5 min. 


No effect on tan or 
eutectic In 5 min, 


no effect 
No effect 


5 min. 


5 min. no effect 


NOTE: (1) One minute repolishing removes etching effect. (2) One minute repolishing does not 
move etching effect. 


Alkaline 
Perman 
ganate 
Blackened 
(2) 


Darkened 
(1) 


Fe S ric h 
black. Mns 
rich dark (1) 

No effect 

lan darkened 
No effect on 
eutectic (1) 

Tan darkened 
No effect on 
eutectic (1) 

Darkened (1) 

No effect 


No effect 


re- 


Some of these reagents have not previously been used for studies 


of inclusions. 


especially useful. 

by Niessner (33). 
(34) in ore microscopy. 
others have been studied. 


We have 


found 


the 
The azide-iodine reagent was recently introduced 
Alkaline permanganate is used by Schneiderhorn 
In addition to the reagents listed, several 
Salts of antimony, mercury, and cadmium 


alcoholic 


hydrochloric acid 
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Table VI 
Identification of Inclusions in tron 

















Group I, Gray, very dark, and glassy Inclusions. 
Etch 10 seconds in alcoholic Nitric acid. 
| 










| J 
More Contrast Unattacked 






a. In FeO with FeO-FeS Etch 4 
eutectic. 

b. In eutectic at edges 
of MnS _ inclusions 
high in Mn. ae 

c. In eutectic at edges 


minutes with 
chromic acid. 











of TiS, needles. : ! 
d. In eutectic in Fe-Mn | : Rane mene 4 S-MnS Unattacked 
sulphide-oxide, low in = ae ee 
ax rich in MnS. Etch 5 minutes in 
| b Complex FeO- boiling picrate. 


MnO darkened. 
Mn-Fe sulphide-ox- 
ide, high in Mn, 
badly attacked. 

1. Darkens_ eutectic 
at edges of needles 
of Ti-Fe sulphide- 
oxide. 















1 J 
Attacked Unattacked 
a. Removes FeS - MnS, Etch 5 minutes in al- 

ortion rich in FeS. coholic hydrochloric acid. 
b. Jarkens Ti-Fe sul 
phide-oxide. 
Removes part FeQ- 
MnO. 













° 








| 
4 
Attacked 





L 
Unattacked 









a. Removes FeO-FeS. 
b. Removes FeO. Etch 10 minutes in stan- 
c. Removes balance of nous chloride. 
FeO-Mn0O. 
d. Removes Manganese 
Silicate. 





e. Partly removes Zr-Fe 
sulphide-oxide. 







J L 
Attacked Unattacked — 
Ti-Fe sulphide-oxide re Etch 10 minutes in hy- 
moved. dro-fluoric acid. 



















4 
Attacked Unattacked _ 
a. Silicate of Ca, Fe a. Chromite (CreO,-FeO) 
or Zr. b. Alumina (Al,0;) 
























have been previously used for sulphides, but we have had little suc- 
cess with them. Acetic, tartaric and picric acids have proven less 






useful than the acids listed above. 
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Table VI (Continued) 
Identification of Inclusions in Iron 


Group II. Yellow, Tan and very light Inclusions. 
Etch 2 minutes in alkaline permanganate. 
| 
Darkens FeS, MnS-FeS rich in FeS, 
AlpS3 - FeS, CreS3- FeS, TiS.- FeS, NiS - FeS. 
Repolish 1 minute on rouge wheel. 


| 
—— Sai Nae 
Etching Effect Removed Etching Effect Not Removed 
MnS-FeS rich in FeS. a. FeS. 

Al,Ss-FeS. 

CreS3-FeS. 

TiSe-FeS. 





Etch 2 minutes in alcoholic 
hydrochloric acid. 


eres ag 


1 
Attacked Unattacked 
Zr-Fe sulphide-oxide, badly at- 
tacked. ; ; 
Al-Fe sulphide oxide, _ black- | 
ne badly attracked. . - ‘ , 
ened or badly en Etch 5 minutes in alcoholic hydro 


chloric acid. | 
| 


Attacked Unattacked 
Removes FeS-Mns, rich in FeS. Either ZrN, TiN, CroSg-FeS or ZrSy. 
Removes FeS-AlgSs First two always inform of very 
small cubes. 


Etch 10 minutes in_ hydrofluoric 


acid. 
| 


Attacked Unattacked 
Removes ZrN. TiN 
Removes CrgSz-FeS. 
Removes ZrSg. 


ETCHING OF INCLUSIONS 


Polished specimens from each of the heats described in the 
foregoing parts of this paper were etched with each of the reagents. 
The effects of the etchants upon the various types of inclusions are 


summarized in Table V. It was necessary to repolish each specimen 
whenever it was attacked by a reagent. In some cases it was noted 
that a very light repolishing on the rouge wheel was sufficient to re- 
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move the etching effects; in other cases regrinding was nec 
This difference may be utilized in distinguishing between . 
inclusion types. 


SCHEME OF IDENTIFICATION 


The method which we have used for identifying inclusions 






















which is a modified and expanded form of the Comstock-W ohrn 
method, is shown in outline form in Table VI. The first div: 
into dark and light groups is rather arbitrary and in some cases ther 
may be doubt as to the proper classification of an inclusion, [py 
clusions appear lighter as the magnification is increased and it should. 
therefore, be noted that the present classification was made at a 
magnification of 1000. No color filter was employed, but a ground 
glass was used to provide a diffuse white light. 

The methods suggested in Table VI do not put each inclusion in 





a class by itself. On the other hand, they serve to classify the in- the 
clusions into a number of fairly small sub-groups. The identification benn 
of the inclusions within these smaller groups is in some cases a 
matter of visual observation. In other cases it is necessary to 
apply additional tests based on the data shown in Table V. 17. 
It should be mentioned that no one should attempt to identify 18 
the inclusions in a piece of steel without a complete chemical analysis ny 
of the steel. The heat record, especially the deoxidation practice, is " 
a valuable guide in predicting the types of inclusions that may be 
present. One should not expect to obtain perfectly satisfactory re 22 
sults the first time that these methods are used. Much patience and - 
practice is needed before the etching effects can be recognized with 24. 
certainty. Another point which has been repeatedly mentioned and 25. 
which was emphasized in a recent paper by Grant (6) is that many s 
inclusions are not simple compounds, but are complex mixtures con 7 
taining several separate constituents. The etching methods are ap- : 
plicable to the several phases of an inclusion, provided the structure 28 
is not too finely dispersed and provided that the observations are 9 
made at sufficiently high magnifications. ze 
SUMMARY ve 
A series of vacuum-melted high sulphur steels was prepared in es 


which the inclusions consisted mainly of the sulphides of iron, man- 
ganese, aluminum, chromium, titanium, and zirconium. These 1n 
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sions were studied microscopically and some conclusions were 
ched as to their constitution and the desulphurizing powers. 
Simple explanations of the familiar phenomena of red shortness 
| of banding were proposed. The red shortness common to iron 
Iphur alloys was eliminated by manganese, titanium, or zirconium. 
\ study was made of the oxide-sulphide inclusions that are 
rmed when various elements are added to melts containing both 
<ygen and sulphur. In general, when oxides and sulphides are 
both present the inclusions differ considerably in structure from the 
oxides or sulphides. In the absence of alloys, the oxide sulphide Ol 
ron resembles the oxide. In the presence of manganese the oxide 
sulphide resembles the sulphide. The red-shortness characteristic of 
iron-sulphur alloys is diminished by presence of iron oxide. With 
oxygen present, forgeable steels can be produced by the addition of 
a sufficient quantity of any of the alloys studied. 


The inclusions described in this paper have been subjected to 


the action of certain useful etching reagents and the effects have 
benn recorded in Table V. 
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RETAINED AUSTENITE AND ITS DECOMPOSITION 
RANGE IN A QUENCHED COBALT HIGH SPEED STEEL 


By C. A. LIEpDHOLM 
Abstract 


While the data available in the literature on the stru 
ture of quenched and tempered carbon steels are profuse, 
the corresponding data on high speed steels are compara 
tively sparse. An attempt has therefore been made to 
produce some evidence pertaining to the metallographic 
structure of a quenched cobalt high speed steel, and its 
changes during tempering. 

It 1s realized that the information provided on the 
subject by this paper ts less profound than recent X-ray 
and thermomagnetic data on carbon steels, but the com 
plexity of the high speed steels may for some time to come 
remain an obstacle to a structural scrutiny by means of the 
X-ray. 

Similarities in micro structure after certain temberina 
treatments seem to indicate that quenched high speed steels 
contain a constituent corresponding to the martensite of 
carbon steels. Studies of the specific volume also indi 
cate that a considerable amount of austenite is retained 
upon quenching. The structure of the quenched high 
speed steel therefore seems essentially similar in nature to 
that of a quenched carbon steel. The martensite and aus 
tenite decomposition occur in the same order as in carbon 
steels. The magnitude of the change in volume upon de- 
composition of the austenite makes it appear possible that 
some age hardening may occur simultaneously with the 
mentioned decomposition. 


























T has been established by several investigators, a few of whom 
are referred to below, that quenched carbon steels in addition to 
martensite contain retained austenite in varying amounts, depending 
upon the quenching temperature, the severity of the quench, and the 
carbon content. Enlund' showed by conductometric and densi- 
tometric investigations that some austenite was retained in carbon 






1B. D. Enlund, “On the Structure of Quenched Carbon Steels,”’ Journal, Iron and 
Steel Institute, Vol. III, 1925, p. 305. 






The author, C. A. Liedholm, a member of the Society, is metallurgist with 
the Jessop Steel Co., Washington, Pennsylvania. Manuscript received May 
7, 1934. 





67 


9? 
“ 


about 
tensit 
cemel 
Kahr 
thern 
temp 
Kahr 
varia 
tion 

ioun 
plica 
pree: 
per ( 
deco 
stres 
fron 
390 

by a 
retal 
Cen! 


neti: 


posi 
mag 
cha 
the 
tion 
in } 
ol 


als 


inl 


COBALT HIGH SPEED STEEI 673 
els even of comparatively low carbon content and after an ordi 
ry quench. He found that martensite tempered to troostite at 230 
erees Fahr. (110 degrees Cent.) and that austenite tempered to 

roostite at about 500 degrees Fahr. (260 degrees Cent.). Westgren?, 

X-ray analysis, reached the conclusion that upon tempering at 


about 312 degrees Fahr. (155 degrees Cent.), the tetragonal mar- 


tensite of carbon steels decomposed into a mixture of alpha iron and 
cementite, and that the retained austenite disappeared at 482 degrees 
Fahr. (250 degrees Cent.) draw. Sanford and Ellinger® applied 
thermomagnetic analysis to the study of the changes occurring during 
tempering of a 0.75 per cent carbon steel, quenched at 1515 degrees 
Fahr. (825 degrees Cent.). Their conclusions were somewhat at 
variance with those of Westgren in regard to the immediate forma- 
tion of cementite during the decomposition of martensite. They 
found that a stress release began to occur immediately upon the ap- 
plication of heat, and was completed at 390 degrees Fahr. (200 de- 
grees Cent.) in 6.5 hours, causing an increase in magnetization of 20 
per cent. The absence of an A, transformation at this stage of the 
decomposition indicated that no cementite was as yet formed, but the 
stress release was probably associated with the precipitation of carbon 
from the martensite. Cementite formed during tempering between 
390 and 570 degrees Kahr. (200 and 300 degrees Cent.), as shown 
by a decrease in magnetization amounting to about 3 per cent. The 
retained austenite decomposed at 455 degrees Fahr. (235 degrees 
Cent.) in 45 minutes, and the reaction caused an increase in mag 
netization of about 3 per cent. 

VanVleet and Upthegrove* observed the effect of the decom- 
position of austenite, retained upon quenching, on the change in 
magnetic properties of a five per cent tungsten magnet steel. From 
changes in density and hardness during tempering they determined 
the range of temperature of re-heating wherein austenite decomposi- 
tion was most pronounced, and studied the accompanying changes 
in magnetic properties. By observations of the changes in density 
of the quenched steel when subjected to liquid-air immersion they 
also obtained the relationship between retained austenite and the 

BA. pomaren, ‘*Martensite—Recent Structural Studies,’’ Metal Progress, August, 
l, p. 49. 


‘Raymond L. Sanford and George A. Ellinger, ““Thermomagnetic Phenomena in Steel,”’ 
Uransactions, American Society for Steel Treating, Vol. 20, Sept. 1932, p. 265. 


‘Harley S. VanVleet and Clair Upthegrove, ‘‘Austenite Decomposition and the Changes 


in Magnetic Properties,” Transactions, American Society for Steel Treating, Vol. 18, 
1930, p. 729-759, 

















674 TRANSACTIONS OF 





THE A. S. M., S, 


change in magnetic properties. They found, however, that 


rt 

lationship between the amount of austenite present and the mavyet) 
properties defies the attempt of mathematical formulation. 

Scott® studied the variations in hardness, density, magneti: op 

erties, and microstructure of a high speed steel, hardened and drawy 


at various temperatures. For quenched samples he found a maxi 
mum in the inversely plotted density curve, as well as in coercive 
force, at 1920 degrees Fahr. (1050 degrees Cent. ) quench, and 
concluded that this hardening temperature produced the maximum 
amount of martensite. Generally, quenching caused an increase jy 
volume as compared to that of annealed samples; the smallest in 
crease was shown by the highest hardening temperature, 2370 de 
grees ahr. (1300 degrees Cent.), while the lowest, 1650 degrees 
I; 


and 750 degrees Fahr. (250 and 400 degrees Cent.) caused a con 


‘ahr. (900 degrees Cent.), came close second. Tempering at 480 


traction for all hardening temperatures except the lowest one. Th 
two specimens having the highest quenching treatments underwent 
a vigorous expansion at 1112 degrees Fahr. (600 degrees Cent.) 
draw, developed maximum volume at the 1300 degrees Fahr. (705 
degrees Cent.) draw, and contracted greatly upon drawing at 1470 
degrees Kahr. (800 degrees Cent.). Of the two lowest quenching 
treatments, 1940 and 1650 degrees Fahr. (1060 and 900 degrees 
Cent.), the former showed a slight expansion at 1112 degrees Fah 
(000 degrees Cent.), followed by a shght contraction at higher tem 
peratures, while the latter remained practically constant in volume 
at all drawing temperatures. Pronounced secondary hardness was 
developed by the samples given the “high temperature treatment” 
(the two highest hardening temperatures), simultaneously with the 
expansion in volume. In reference to the microstructures Scott 
comments as follows: “Tempered at 200 and 400 degrees Cent. 
(390 and 750 degrees Fahr.) a well-developed, needle-like pattern, 
suggestive of martensite is produced.” . . . “The microscopic ev! 
dence is positive and confirmatory of the physical, namely, that the 
constituent accompanying the appearance of secondary hardness 1s 
martensite. The nomenclature of the patterns developed at 200 and 
400 degrees Cent. (390 and 750 degrees Fahr.) must, however, 
await a more precise definition of the constituent martensite.” Scott's 

‘Howard Scott, “Relation of the High Temperature Treatment of High-Speed Steel to 


Secondary Hardness and Red Hardness,” S. Bureau of Standards Scientific Papers 
395, April, 1920, 
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uples were tempered for a period of only 15 minutes, while high 
need steel is now seldom tempered for less than an hour, 


o ee 


Grossmann and Bain . recently (1930) completely satisfied 


emselves as to the definite X-ray evidence of retained 


s’ 


austenite in freshly quenched high speed steels, but only in 
fairly large masses of steel, such as tool bits. 

‘Emmons"* in recent papers on the physical properties of vari- 
ous kinds of high speed steel, presented numerous photomicrographs 
and discussed the interrelation between structure and physical char- 
acteristics, such as hardness, toughness, and plasticity, as a supple- 
ment to his pioneering investigations of torsional behavior after 
various heat treatments. 

The object of the present investigation was to study the be 
havior of a quenched cobalt high speed steel during tempering, espe 
cially with regard to retained austenite and the range of temperature 
where its decomposition was most pronounced.” The following 
methods were available, and were therefore used: Rockwell testing, 
specific volume determinations, microscopic examination, and mag 


netic testing. 


MATERIAL AND PREPARATION OF SAMPLES 


\n annealed bar, ;4 inch square, showing a Brinell hardness 
of 241, was selected for the investigation. The analysis was as 
follows: 


Man Phos- Vana- 
Carbon ganese Silicon Sulphur phorus Chromium Tungsten dium Cobalt 
0.73 0.42 0.23 0.015 0.017 4.17 19.39 1.43 5.58 


The bar was cut into pieces about 114 inch in length, and the 
samples were hardened at 2300 degrees Fahr. (1260 degrees Cent.) 
by quenching one series in oil and another series in water. ‘The 
samples were quenched cold immediately upon reaching the harden 
ing temperature, 


Two samples from each hardening treatment were tempered at 
2l2 degrees Fahr. (100 degrees Cent.) and with 100-degree Fahr. 
(40 degrees Cent.) increments from 300 to 1300 degrees Fahr. (150 


*Mareus A, Grossmann and Edgar C. Bain, High Speed Steel, John Wiley & Sons, 
Inc., New York, 


‘Joseph V. Emmons, ‘Some Physical Properties of High Speed Steel,’ Transactions, 
\merican Society for Steel Treating, Vol. XIX, No. 4, February, 1932. 
‘Joseph V. Emmons, ‘“‘Some Molybdenum High Speed Steels,’”’ Transactions, Ameri 


can Society for Steel Treating, Vol. XXI, No. 3, March, 1933. 


"These studies were limited by a restricted choice of methods of investigation. 
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to 705 degrees Cent.) inclusive. For checking purposes lat 
some samples, low temperature-drawn or as-quenched, were 
pered also at 1450 and 1600 degrees Fahr. (790 and 870 «& 
Cent.). The draws above and including 600 degrees Fahr, 


degrees Cent.) were carried out in an electric resistance (gloha 
open muffle furnace equipped with automatic temperature cont; 








600 800 1/000 1200 1/400 1600 
Tempering Temp., F. 


Fig. 1—-Tempering Temperature Versus Hardness. 
The 300 to 500-degree Fahr. (150 to 260 degrees Cent.) draws 
were carried out in an oil bath and the 212 degrees Fahr. (100 de- 
grees Cent.) in boiling water. The samples were charged after the 
furnace (oil bath or water bath) was stabilized at the desired tem- 
perature, and withdrawn 70 minutes later. Samples were examined 
also in the as-quenched condition. 

After heat treatment all samples were ground by hand to about 
0.380 to 0.390 inch square, excessive heating being avoided by careful 
operation. The samples were tested with the Rockwell machine 
after grinding. 


Metuops or TESTING 


Rockwell Tests 


An average of three to four determinations was obtained for 
each sample tested, making a total of six to eight determinations for 
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Table I 
Rockwell Hardness Results 


Oil Quench Water Quench 
Average of All Samples as Quenched 66% Average of All Samples as Quenched 66%, 
Rockwell C Rockwell C 
rawing Temp. Sample No. Average Sample No Average 


Degrees Fahr. 

212 
300 
400 l 
500 9 
600 13 
700 16 
800 42 
900 28 
1000 40 
1100 48 
1200 46 
1300 50 
1450 | Air cooled 

) Slowly cooled 
1600 | Air cooled 

1 Slowly cooled 


3 
l 


each separate heat treatment. 


67 72 
67 
65% 
63% 
43 I 4 
63% 
65 
66 
68 
66 

6 l ! 2 
49 
45 
45 
54 
53% 


66 
65 
66 
64 
63 
64 
64%, 
66 
68% 
65) 
61 
49 


47 


53 


The average result for each heat treat- 


ment is plotted in Fig. 1. 

The 1450 and 1600 degrees Fahr. (790 and 870 degrees Cent.) 
water-quenched samples were drawn to follow up the specific volume 
determinations. Only one sample was drawn at each temperature. 
The 1450 degrees Fahr. (790 degrees Cent.) sample was cooled in 
air and the 1600 degrees Fahr. (870 degrees Cent.) sample in ashes. 
To study the influence of the cooling rate, two oil-quenched samples 
were subsequently drawn at each of the mentioned temperatures, and 
one from each temperature cooled in air, the other in ashes. The 
hardness of each sample is given, and the manner of cooling indi 
cated in Table 1. Obviously the manner of cooling did not influence 
the results. 


Microscopic Examination 


Etching reagents which were employed were 6 per cent nital, 1 
per cent nital, and aqua regia-glycerine 50:50. 

6 Per Cent Nital Etch—Figs. 2 to 5 inclusive—The matrix 
showed no appreciable differentiation up to and including a draw of 
300 degrees Fahr. (150 degrees Cent.). The effect of prolonged 
etching was mainly a widening of the grain boundaries and contour 
of the carbides and a slight “mottling” of the matrix. The maximum 
etching time of 9 minutes produced an entirely similar effect on all 
samples in this group, while after 3 minutes etching time the matrix 
was still smooth, resembling a fully austenitic constituent. Only 
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Figs. 2 to 5—Photomicrographs of Quenched Cobalt High Speed Steel Drawn at 
Different Temperatures and Etched in 6 Per Cent Nital. x 2000. Dit 
Fig. 2—-Drawn at 210 Degrees Fahr. 9% Minute Etch. 
Drawn at 400 Degrees Fahr. 9 Minute Etch. 
Drawn at 500 Degrees Fahr. 3 Minute Etch. 
fig. 5—-Drawn at 800 Degrees Fahr. 134 Minute Etch. 
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Figs. 6 to 9—-Photomicrographs of Quenched Cobalt High Speed Steel Drawn at 
Different Temperatures and Etched in 1 Per Cent Nital. x 2000. 
Fig. 6—Drawn at %00 Degrees Fahr. 3 Minute Etch. 
Fig. 7—Drawn at 1000 Degrees Fahr. 3 Minute Etch. 
Fig. 8—Drawn at 1200 Degrees Fahr. 30 Seconds Etch 
Fig. 9—Drawn at 1300 Degrees Fahr. 10 Seconds Etch. 
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Figs. 10 to 13—-Photomicrographs of Quenched Cobalt High Speed Steel Drawn «' of 
Different Temperatures and Etched in Aqua Regia and 6 Per Cent Nital. x 200 
Fig. 10—Drawn at 400 Degrees Fahr. Aqua Regia Etch. 
Pig. 11—Drawn at 500 Degrees Fahr. Aqua Regia Etch. 
Fig. 12—Drawn at 800 Degrees Fahr. Aqua Regia Etch. \ 
Fig. 13—Drawn at 500 Degrees Fahr. 6 Per Cent Nital Etch. ol. 
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ight indications of martensitic structure appeared even after 9 
minutes etch. 

The 400-degree Fahr. (205 degrees Cent.) draw after 9 min- 
utes etch showed a slight darkening of the matrix, but otherwise 
resembled the lower draws. See Fig. 3. 

The samples drawn between 500 and 800 degrees Fahr. (260 
and 425 degrees Cent.) inclusive showed a matrix of a more or less 
martensitic appearance, although not very well defined, and there- 
fore it was difficult to obtain good photomicrographs. If the etching 
time was short the martensitic markings of the matrix were faint as 
shown by Fig. 13. 

1 Per Cent Nital Etch.—Figs. 6 to 9 inclusive—The 900-degree 
Fahr. (480 degrees Cent.) draw shows the beginning of a rearrange- 
ment of the structure of the matrix. The 1000-degree Fahr. (540 
degrees Cent.) draw shows a matrix of highly distorted appearance. 
The 1100 and 1200-degree Fahr. (595 and 650 degrees Cent.) draws 
show a more even attack on the matrix, and a rapid darkening. This 
darkening soon conceals the original austenite grain boundaries. The 
1300-degree Fahr. (705 degrees Cent.) draw shows no distinct indi- 
cations of such grain boundaries even after slight etch. 

Aqua Regia Etch—Figs. 10 to 12 inclusive—This etching rea- 
gent gives a particularly clear etch on samples drawn between 400 and 
800 degrees Fahr. (205 and 425 degrees Cent) inclusive. On lower 
draws it is similar in action to nital, on higher draws it gives coarser 
outlines and less detail than nital. 


Determinations of Specific Volume 


These determinations were carried out by weighing in air and 
water mainly in accordance with the description of Norbury’. The 
water temperature was kept constant, and as only comparative values 
were desired no temperature correction was applied to the calculations 
of specific volume. 

The specific volume of the water-quenched samples was first de- 
termined by J. F. Ednie, chief chemist and metallurgist of the Federal 
Metal Corporation, Pittsburgh, who used a scale with a sensitivity of 
0.05 milligrams and Government controlled weights. The volume 
of the oil-quenched samples was determined by A. R. Anderson, 

WA. L. Norbury, “Volume Occupied by the Solute Atoms in Certain Metallic Solid 


lutions and Their Consequent Hardening Effects,’ Transactions, Faraday Society, 
Vol. 19, 1924, p. 586. 


. 
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Table Il 


Specific Volume Determinations 
Oil-Quenched Samples 


Sample Deg. F. Weight in Weight in Specific Average 
No. Draw Air, gm. Water, gm. Volume Spec. Vol. 


82 Annld 21,9510 19,4595 0,11350 
83 Annld 21,3594 18,9348 0,11351 


4 None 30,1353 26,7158 0,11347 a 
18 None 29 2831 25,9625 0,11340 0,11344 0,00007 


5 212 29,4168 26,0800 0,11343 0,11343 —0,00008 


7 300 20,6577 lt 0,11346 ee 
. 300 27,6782 a 0,11347 0,00004 


400 27,4849 4,: 0,11344 
400 28,7581 a d 0,11339 


500 26,9092 
500 28,8514 
500 18,5418 16,4380 


600 28,3571 25,1418 
600 28,0372 24,8566 ‘ —0,00009 


700 i9,3670 17,1685 »11352 a 
700 28,4849 25,2549 3: 0,00005 


800 27,0980 24,0230 
800 28,0581 24,8747 


900 25,8280 895° 
900 25,0260 22,1860 


5 
1000 18,6575 16,5305 0,11400 
1000 24,4242 21,6385 0,11405 0,11402 +-0,00051 


1100 ‘ q 22,8185 0,11404 0,11404 +-0,00053 


1200 25,552 22,6407 0,11397 oe a 
1200 28,3: 25,1065 0,11392 0,11395 +-0,00044 


1300 25,9279 22,9750 0,11389 0,11389 -+-0,00038 


1450 25,8392 22,9070 0,11348 0,11344 0,00007 
1450 16,1523 14,3206 0,11340 Dida aa 


1600 25,2517 22,3870 
1600 15,4196 14,5550 : pear 
1600 26,3447 23,3541 35. 0,11351 +0,00000 


*Reground for check determination. 


chief chemist of the Jessop Steel Company. In order to check the 
results obtained by the two different laboratories the volume of many 
of the water-quenched samples was later determined at the Jessop 
Steel Co. laboratory, and since the agreement between the different 
determinations was good, the obtained data were all used for the 
calculation of average values for each heat treatment. 

In some cases small grinding checks appeared on the samples 
since they had been allowed to rust after the volume determinations. 
The values obtained from such samples were discarded, for which 
reason only single determinations were available for some heat treat- 
ments. For the higher drawing temperatures the oil- and water- 


quenched samples showed almost perfect agreement, and double de 
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Table Ill 


Determinations — Water-Quenched Samples 












Specific Volume 













sample Deg. F. Weight in Weight in Specific Average Change in 

No. Draw Air, gm. Water, gm. Volume Spec. Vol. Spec. Vol. 
72 None 24,9155 22,0813 0,11375 0,11375 +0,00024 
6 300 28,5657 25,3197 I ya a iy OE 
300 20,7371 18,3780 0,11377 0,11371 +-0,00020 






<2 400 28,9354 25,6640 0, 
59 400 18,8295 16,6890 0, 









70 500 28,0311 24,8421 SEY gibi sie. ty ea 
69 500 20,4695 18,1410 0,11375 0,11376 +-0,00025 
71 600 26,5109 23,4973 Ry oe aS bis ee 
71% 600 21,6580 19,1940 0.11377 oe ee hall 
72 600 19,7583 17,5100 0,11379 0,11375 +-0,00024 
4 700 28,0390 25,7370 Se) Seater 
55 700 21,2408 18,8240 0,11378 0,11375 +-0,00024 
800 27,3000 24,1946 0,11375 0,11375 +-0,00024 






















900 28,0705 24,8800 ee) )=—6sl(sC( hv chbae (UO eer 
eee «900 20,3554 18,0390 Sight oI ccs 
68 900 19,8239 17,5695 0,11372 0,11373 +.0,00022 
60 1000 28,4291 25,1868 res erreemaeme 
60" 1000 19,2980 17,0960 0.11410 0,11408 +-0,00057 
7% 1100 28,7176 25,4426 0.11404 0,11404 +-0,00053 
64 1200 25,4807 22,5765 0,11398 0.11398 +-0,00047 
78 ~=—s-:1300 26,7289 23,6847 0,11389 0,11389 +0,00038 
80 1450 24,6486 21,8525 0,11344 0,11344 0,00007 
75 —- 1600 23,5675 20,8915 0,11355 0,11355 +-0,00004 






*Reground for check determination. 
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Fig. 14—Relationship Between Tempering Temperatures and Specific Volume 









terminations were therefore considered necessary for only a couple 
of the corresponding samples. Where an exceptionally low or high 
value was obtained the sample involved was first checked in its orig- 
inal state, and then re-ground and re-checked, so that triple determi- 
nations were used for the calculation of the average value. 
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The average specific volume of two annealed samples was 
as a basis of comparison for calculating the average change in 
ume of the various samples. The results appear in Tables II and | 
and Fig. 14. 


Magnetic Tests 


The magnetic testing method employed requires some special 
comment. It was developed by Miles K. Smith, then of Carnegie 
Institute of Technology, now connected with the Latrobe Electric 
Steel Co., who designed the apparatus used for the determinations. 

Briefly, the magnetic apparatus consists of two independently 
swinging pendulums mounted on a common axis, the one hanging 
within and above the other, so that there is no point of contact. The 
inside pendulum is so balanced that its center of gravity is only 
slightly below its axis. It is equipped with a platform on which the 
sample is placed in a vertical position exactly above a permanent 
magnet, which is tightly clamped in a vertical position to the outside 
pendulum, closely approaching but not touching the platform. 


The outside pendulum is deflected from rest at a slow, con- 


stant speed, by a cord attached to a reducing gear, driven by an 


electric motor. The magnetic flux between the magnet and the sam- 
ple causes the inside pendulum to deflect with the outside pendulum. 
There is a small lag between the two pendulums which increases with 
the angle of deflection. When the latter has reached a certain value, 
determined by the magnetic permeability of the sample, gravity 
causes the inside pendulum to swing back. 

The angle ©, which is measured by means of an indicator at 
tached to the outside pendulum, is that at which the inside pendulum 
swings back. The lag is nearly constant within the range of the 
measurements concerned, and was therefore neglected. 

The angle of deflection was determined for annealed samples 
of various weights. It was found that © can without appreciable 


Table IV 
Relationship Between Weight of Sample and Angle of Deflection 
Sample No. Weight Grams a ae 
87A 
87B 
89 
86 
88 
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rror be represented as a straight line function of the weights of the 
annealed samples within the range of observations involved. The 
data on which this conclusion is based are given in Table 1V. The 
line is constructed in Fig. 5. From this line the angle of deflection 
of an annealed sample of any given weight can be obtained. From 


Angle of Deflection , 8 
& 





4 18 22 26 om 
Weight of Sample, Grams 


Fig. 15—Relationship Between Weight of Sample and 
Angle of Deflection. Annealed (100 Per Cent Magnetic) 
Samples. 


Table V 


Weight —e Per Cent Per Cent 
Total 


of 0 of Mag. Magnetic 
No. of Sample Load Weight Mat. Material 
Sample in in in Actual 0 Ry Calculated 
grams grams grams 
87A 9.9 10 19.9 50 20% q ‘ 5.5 44 
87A eee 14.9 66 26% 33: 3. 3 62 
87A as 11.9 83 31% 354 79 


87B 16.5 ‘ 26.5 62 21% , , : 61 
87R ose : 21.5 77 26% 30Y, ; 5. 77 
87B eve s 31.5 521% 18% 25! ‘ 3. 54 
87B 18.5 89 29% 3 : 5. 86 


89 23.9 ‘ 33.9 70% 21% 24% / 3.4 76% 
89 eee ‘ 28.9 83 24% 0M% 3.4 ‘ 83 
8&9 eee 25.9 92 26% 2 ‘ ; 91 


6 =actual angle of deflection of sample plus load. 

R =rise in inches of sample plus load. 

O,=angle of deflection of annealed (100 per cent mag.) sample of corresponding 
weight. 

R,=rise in inches of annealed sample of corresponding weight. 
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Fig. 16 the angle of deflection can be converted into inches of rig 
the 
product of the length 1 of the inside pendulum and the cosine ) 


above the level of rest. The rise is calculated by subtractin 


from the length of this pendulum, as shown in Fig. 17. 

With the object of securing some data on which to base a rea- 
sonable qualitative comparison between magnetic test results obtained 
by means of the described apparatus, a few annealed specimens were 
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Fig. 16—Conversion from Angle of Deflection, 


© to Inches Rise. 












loaded with various nonmagnetic (brass) weights. The weight of 
the sample was calculated in per cent of the total weight of sample 
plus load. In Table V, © is the actual angle of deflection and R 
the rise in inches of sample plus load. ©, is the corresponding angle 
of deflection and R, the corresponding rise of an annealed. sample 
with a weight equal to the gross weight of a loaded sample (including 


load). Fig. 18 is plotted from the data of Table V under the as- 
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Table VI 
Magnetic Test Results—Oil-Quenched Samples 


Draw Sample Weight in 
Degrees Fahr. No. Stam 100R 100R Average 


Ri Ri 


None 31, 5% sf 3 64 
None 26. , 7: é 4.: 60 
None 31. 54 a 3.8 61 


7 


None : 27. V, Y. 4 S 56 60 
30.! 
31. 
30. 
2s. 
28.: 
29. 


27. 


59 ** 
62 61% 
63 


62 62% 


we ww 


62 ee 
60 61 
60 
66 


1000 
1100 


1200 
1200 


1500 
1300 


- ++. 2+ 42 


++ 


+a 


Sb 
S 


> 
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7 0*=-@- 
) 
Water Quenched | 
| 
| | 
No 200 400 600 S00 1000 1200 
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Per Cent Magnetism 
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a Fig. 19—Relationship Between Tempering Temperatures and ‘‘Per Cent Magnetism.” 
0 ; 


nple 
d R 


ngle 


sumption that the ratio between “inches rise” of a loaded combina- 


tion and an annealed sample of equal weight would equal the ratio 
of magnetic material in the former to that in the latter. The results 
are expressed in “per cent magnetism” by R x 100. 


nple 
ding 


» as- R, 





actual per cent of magnetic material and per cent of such m; 
as calculated according to the preceding paragraph, from the ey 


mental data. 


of Table V. 


Draw 


Degrees Fahr. No. grams 0 0, R R, 100R 100R Average 
Ri R, 
None 81 27.8 20% 27% 2.4 4.2 57 7 
212 72 24.9 21% 28% 2.6 4.7 55 55 
300 56 28.6 20 27 S23 4.1 56 - 
300 57 27.3 22 27% 2.7 4.3 63 591% 
400 58 28.9 20 26% y 4.1 56 - 
400 59 27.8 21 27% 2.5 4.2 A0 58 
500 79 28.0 21% 27% 2.6 4.2 62 62 
609 71 6.5 22 30% 2.7 $.1 53 ot 
600 73 29.1 20% 26% 2.4 4.1 5814 56 
700 54 29.0 2134 26% 2.7 4.1 66 ae 
700 5 30.9 20 25% 2.3 3.8 60% 63 
800 62 26.2 234% 29% 3.1 4.9 63 es 
800 63 24.7 24% 2 3.5 4.7 74% 69 
900 06 28.1 23% 27% 3.1 4.2 74 : 
900 638 26.8 2 27% 3.0 4.3 70 72 
1000 60 28.4 244 27 3.4 4.2 81 “A 
1000 61 29.8 23% 26% 3.2 3.9 82 81% 
1100 76 28.7 24% 26% 3a 4.1 85 ne 
1100 77 27.1 24.4 27¢ 3.4 4.3 79 82 
1200 6+ 25.5 26'A 28% 4.0 4.5 89 at 
1200 6 27.5 25K 27% 3.8 4.3 &8% 89 
1300 78 24.6 27% 29 4.4 4.7 94 94 


which was an early experimental model, and tended to spontaneous) 
change its adjustment during the operation. However, the results in- 


The points represent the results of the determin: 
The rather high deviations of some of the determined 


Sample Weight in 


Table VII 
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Magnetic Test Results — Water-Quenched Samples 


The solid line in Fig. 18 shows the assumed relationship bet 


values are mostly caused by imperfections of the testing apparatus, 
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dicate that the assumed relationship, at least within the range of the 










observations involved in this investigation, is essentially correct. 
The relationship discussed in the previous paragraphs was ap- 
plied to pendulum test results obtained from the heat treated speci- 
mens. Before testing the specimens were examined and found free 
from residual magnetism in any amount which could influence the 
results, by dipping in fine, soft iron fillings. The results appear in 
Tables VI and VII and Fig. 19. The reader is, however, cautioned 
that Fig. 19 represents no specific magnetic property, although it 
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ould indicate the relative strength with which the various speci 
ns were attracted by a magnet, and therefore the relative perme- 
‘lity at some low magnetizing force. 


DISCUSSION 


The striking difference in volume between the water- and oil- 
hardened samples, in the as-quenched condition as well as after tem- 
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Fig. 18—Assumed Relationship Between Actual 
Per Cent of Magnetic Material and Per Cent of 
Such Material as Calculated According to the Pre- 
ceding Discussion. 


pering up to 900 degrees Fahr. (480 degrees Cent.) inclusive, is at 
once apparent. It indicates that more austenite was retained by oil 
quenching and more martensite formed through water quenching. 
Numerous investigations reported in the literature have given simi- 
lar results for steels of many various analyses, and indicate that such 
is usually the case. It is worth noticing that the oil-quenched samples 
actually showed a slightly smaller volume in the quenched condition 
than in the annealed, which result is at variance with the previously 
mentioned findings by Scott. It is thought that, perhaps, this some- 
what unexpected condition was caused by the presence of cobalt, and 
it seems to indicate that a considerable amount of austenite had been 
retained, 

A martensitic appearance of the matrix of the microstructure 
was clearly developed by very prolonged etching in aqua regia of the 
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samples drawn at 400 degrees Fahr. (205 degrees Cent.). |; 
sisted up to and including 800 degrees Fahr. (425 degrees ( 

draw, first growing gradually more pronounced and later riche; 
detail with an accompanying loss in the regularity of the arra; 
ment. T’he changes in the matrix were associated first with 

crease and later an increase in hardness. It is considered somew)h 
disturbing, or at least unexpected, that simultaneous changes in 
ITeCISION 
would have disclosed some consistent associated changes in volume. 
as found by Scott’. The explanation seems r asonable, although 


ume were absent, but it is possible that greater experimental | 


supported only by the changes in microstructure and hardness, that 


the observed changes consist in some precipitation or stress release 
in the martensite, lessening its resistance to the employed etching 
reagents. The reasons for the later observed increase in hardness 
might be sought in a beginning decomposition of the austenite, set- 
ting in at between 700 and 800 degrees Fahr. (370 and 425 degrees 
Cent.) draw. The influence on the volume of these two changes 
would naturally be opposed, which condition might to some extent 
explain the absence of change in volume. The mentioned Opposing 
influences apparently grew conside ‘ably stronger during tempering 
at 90O degrees Fahr. (480 degrees Cent.), but stil] kept each other 
in balance. A slight increase in permeability is noticed at this 
tempering temperature ; at drawing treatments of 800 degrees Fahr. 
(425 degrees Cent.) and lower temperatures the magnetic test results 
are too inconsistent to permit an interpretation. 

At 1000 degrees Fahr. (540 degrees Cent.) draw there was a 
great increase in volume of both water- and oil-quenched samples, 
accompanied by a decided increase in hardness and a profound change 
in microstructure. The magnetism also showed a decided increase. 
Similar changes were observed by Scott, at a somewhat higher tem 
perature, presumably for the reason that he employed a considerably 
shorter drawing time. There seems to be no explanation more ap 
propriate than that these changes are the result of a comparatively 
rapid decomposition of the austenite. It is of interest to compare 
the expansion observed in the present investigation with a similar 
expansion observed by Enlund' on plain carbon steels. He found 
that a steel with 1.57 per cent carbon after quenching in water at 
1922 degrees Fahr. (1050 degrees Cent.) upon tempering at 572 
degrees Fahr. (400 degrees Cent.) expanded 0.55 per cent because 
of the decomposition of austenite, while the expansion at 1000 de- 
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rees Fahr. (540 degrees Cent.) of the present cobalt high speed steel 
:mounted to only about 0.3 per cent. There are so many variables 
nvolved in these two similar phenomena, that one might do best in 
withholding all comment. However, if more about such phenomena 
were known, the answer might be found to the question whether or 
not any age hardening is involved in the development of secondary 
hardness of high speed steel. The fact has been denied on account of 
the circumstances that tungsten hot work steels, which are age harden- 


ing, show contraction in volume upon the development of secondary 


hardness. However, a perhaps only slight tendency to contract 
because of precipitation of compound might be hidden by a stronger 
tendency to expand because of austenite decomposition. 

As the tempering temperature was increased to 1100 degrees 
Fahr. (595 degrees Cent.) and higher temperatures, the matrix as- 
sumed a more and more homogeneous appearance. The grain bound- 
aries of the decomposed austenite grains could be made visible still 
after a 1200-degree Fahr. (650 degrees Cent.) draw, by light etch- 
ing in | per cent nital, as shown in Fig. 8, but could not be developed 
after a 1300-degree Fahr. (705 degrees Cent.) draw, which fact 
might indicate that a temperature that high was required for the com- 
pletion of the constitutional changes within the time of reheating em- 
ployed. The magnetic test results also substantiated the mentioned 
conclusion, while the specific volume remained high until after tem- 
pering at 1450 degrees Fahr. (785 degrees Cent.), possibly indicating 
that the agglomeration of particles below that temperature was slow, 
although the hardness fell off sharply already at the 1300-degree 
Fahr. (705 degrees Cent.) draw. 


SUM MARY 


The investigation indicates that a considerable amount of 
austenite was retained in the examined cobalt high speed steel in the 
hardened condition as well as after tempering at temperatures of 900 
degrees Fahr. and less, and that more austenite was retained upon 
oil quenching than upon water quenching. The retained austenite 
decomposed rapidly upon tempering at 1000 degrees Fahr. (540 
degrees Cent.) and higher temperatures. Changes in the martensite 
began to occur at a 400-degree Fahr. (205 degrees Cent.) draw, and 
in the austenite probably between 700 and 800 degrees Fahr. (370 
and 425 degrees Cent.) draw. After tempering at 1300 degrees 
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Fahr. (705 degrees Cent.) the constitutional changes were - 
stantially brought to completion within the re-heating time employed SI 


in this investigation. 

It is regretted that the opportunity to study the influence of 
the various heat treatments on such important properties as tough 
ness measured by the torsional impact method of Palmer or the tor- 
sion test of Emmons was not at hand. It should have been inter 
esting to attempt to correlate the observations made with test re 
sults from one or preferably both of these testing methods. 

The complications arising in the attempt to apply magnetic in- 
vestigations to structural changes can be appreciated from the brief 
review given on pages 1 and 2 of the paper by Sanford and Ellinger’, 
It is apparent that the accuracy of the method here employed was 
insufficient at the early stage of development in which it was applied 
for the present investigation, while it is quite possible that it might 
otherwise have yielded interesting data. 
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COMPARISON OF THE CORROSION RESISTANCE OF 
SEVERAL WROUGHT IRONS MADE BY DIFFERENT 
PROCESSES 


By O. A. Knicut and J. R. BENNER 


Abstract 


The corrosion resistance of Roe mechanically puddled 
wrought iron, hand-puddled wrought iron and Aston 
process wrought tron was studied by observing the be- 
havior of each when exposed for two years in various 
media in the laboratory. Dilute hydrochloric acid, dilute 
sulphuric acid, dilute sodium chloride and ordinary tap 
water were the media employed. Two sets of specimens 
were exposed. One set was in the “as-received” condt- 
tion except that all grease and dirt was cleaned off. An- 
other set was cleaned free of mill scale and other coatings 
so that the bare, unprotected iron was exposed. Speci- 
mens were about 14% inches in length. Loss of weight in 
grams per square decimeter per day were calculated and 
plotted. Microscopic examination was made and some 
photomicrographs taken. Photographs showing the con- 
dition of some of the corroded specimens are shown. 


A GREAT deal of interest in wrought iron has been shown dur- 

ing the past several years since the perfection of the Byers- 
Aston process and the construction of the new plant of the A. M. 
Byers Company, Pittsburgh, and its dedication in the fall of 1930. 
Interest has largely centered on a comparison of the properties of the 
Byers New Process (Aston) iron with the properties of hand- 
puddled iron. 


Previous WorkK 


Investigations at the United States Bureau of Standards’ and in 


‘Henry S. Rawdon and O. A. Knight; “Comparative Properties of Wrought Iron Made 
by Hand-Puddling and by the Aston Process,’’ Bureau of Standards Journal of Research, 
Vol. 3, 1929, p. 953-992 (Research Paper 124). 


A paper presented before the Sixteenth Annual Convention of the Society 
held in New York City, October 1 to 5, 1934. The authors are members of 
the Society. O. A. Knight is associate professor of metallurgy, department of 
metallurgy, Pennsylvania State College, State College, Pennsylvania, and J. R. 
Benner is connected with the metallurgical department of the American Steel 
and Wire Co., Cleveland. Manuscript received June 28, 1934. 
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Germany* concerning the physical properties of Aston p; 


CSS 
wrought iron as compared to those of hand-puddled wrought jroy 
were quite complete, and the results of each investigation were jy 
agreement with those of the other as regards practically all details. 

| The results regarding the relative resistance to corrosion as de- 
. termined by short-time laboratory tests were also in rather close 


agreement, although the duration of the tests were only three months 
at the Bureau of Standards and of lesser duration in the case of the 
German investigation. 

It was thought that interesting and perhaps valuable information 
could be obtained by continuing a study of the corrosion resistance 
of several makes of wrought iron by employing a longer time of 
exposure than was previously employed. 


PRESENT INVESTIGATION 





The object of the present investigation was to continue the cor- 
rosion studies, started by one of the authors at the United States 
Bureau of Standards,’ by exposing specimens for longer periods of 
time. This report gives the results of exposing specimens for a 
period of two years. 


MATERIALS STUDIED 





The materials studied in the present investigation were hand- 
puddled wrought iron in the form of 14-inch pipe, Roe mechanically 
puddled wrought iron in the same size of pipe and Byers-Aston 
wrought iron in the form of l-inch pipe. The first two materials 
were furnished by the Reading Iron Company of Reading, Pennsyl- 
vania, and the last was furnished by the A. M. Byers Company of 
Pittsburgh. The specimens used were cut to about 1™% inches in 
length. 












PREPARATION OF SPECIMENS 





One set of specimens was exposed in the condition as received, 
that is, with the original mill scale on. These specimens were cleaned 
by washing in hot water with soap. After this they were rinsed, 
dried and weighed. They were then ready for immersion in the 
various solutions employed. 

Another set of specimens was tested after removing all mill scale. 





2W. Von Gutmann and H. Esser; “Comparative Investigation of Natural and Artificial 
(Aston) Wrought Iron (Vergleichende Untersuchungen an natiirlichem und kiinstlichem 
Schweisstahl] (Aston-Eisen),’’ Stahl und Eisen, Vol. 51, Sept. 24, 1931, p. 1193-1197. 
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[he specimens of this group were treated with hot 10 per cent 
immonium citrate solution to which 1 per cent ammonium hydroxide 
vas added. They were then brushed until free from scale, thus 
exposing the clean, bare, metal surface. The usual rinsing and drying 
procedure followed, after which they were weighed prior to immer- 
sion in the various solutions. 

After removing the specimens from the solution at the end of 
the exposure they were then cleaned in a similar manner with hot 
ammonium citrate solution and by brushing until all of the products 
of corrosion had been removed. ‘They were also rinsed as before 
and dried by immersion in alcohol followed by an air blast, after 
which they were stored in desiccators until weighed. 


CoRROSION MEDIA 


The data reported in this paper were accumulated as a result 
of initially exposing specimens of the above wrought irons in each of 
the following media: (a) unaerated tap water, (b) 3% per cent salt 
(NaCl) solution, (c) 1 per cent sulphuric acid (H,SO,) solution 
and 1 per cent hydrochloric acid (HCl) solution. Nothing but water 
was added to any of the solutions after the start so that after the 
acids initially present had been consumed no fresh acid was added, 
nor was any salt added. None of the solutions were aerated, but 
they were allowed to stand quietly in the atmosphere at room tem- 
perature. Glass jars were employed as containers and the specimens 
were suspended on glass rods in such a manner that no two speci- 
mens touched each other. In addition to this manner of testing a 
number of specimens have been exposed to atmospheric corrosion in 
the enclosure on The Pennsylvania State College Farm used by Com- 
mittee A-5 of the American Society for Testing Materials (for ex- 
posing specimens similarly). In this work not only are the several 
irons being compared, but the effect of the season of the year during 
which specimens are put out is under investigation. Specimens of 
each make of wrought iron were put out July 1, October 1, January 1, 
and April 1 of the 1932-33 school year. <A report on these will be 
forthcoming in the future. 


RESULTS OF TESTS 


Weight Loss Data. The loss of weight is here reported in grams 
per square decimeter per day. Each figure tabulated represents the 
average of 12 specimens. 
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Table I 


Loss in Grams per Square Decimeter per Day. Specimens Cleaned Free From 
Mill-Scale Before Testing 


Corrosion Media 






Iron 3% Salt 

Tested Solution 1 Per Cent HgSO, 1 Per Cent HCl Tap Water 
H.P. 0.0078 0.0154 0.0123 0.0079 
Roe 0.0066 0.0144 0.0127 0.0071 








Aston 0.0084 0.0246 0.0146 0.0079 











Tables I and II show the results. Table I shows that there is 
very little difference among the three wrought irons. For some 
reason the Byers-Aston wrought iron suffered a higher loss in sul- 
phuric acid than did the others, but aside from this there is not much 
difference. 

Table II gives almost the same comparison as Table I, but while 
Byers-Aston iron lost a little more than the others in sulphuric acid, 
the hand-puddled wrought iron suffered the highest loss in hydro- 
chloric acid. 
























For the purpose of comparison Table III has been reproduced 
from the Bureau of Standards report’ previously referred to. It is 
interesting to note that the results at the Bureau of Standards for 
exposures in sea-salt water and in tap water unaerated are practically 
identical with those reported in the present investigation in Table | 
for exposures in salt water and in tap water. 

The relative losses in the present investigation are shown in 
graphical form in Fig. 1. This graph depicts clearly the losses of 
each wrought iron, and comment is therefore unnecessary. 

Visual Inspection. The general appearance of the surface of all 
the specimens was carefully observed after final cleaning and removal 
of all corrosion products. The ends of the specimens, as well as the 
sides, were closely studied. No noticeable difference was found 
among the different wrought irons by this inspection except among 
those exposed in the sulphuric acid solution. In this case the Byers- 
Aston wrought iron was considerably “grooved” longitudinally along 





Table II 


Loss in Grams per Square Decimeter per Day. Natural Mil!-Scale not Removed 
Before Testing 


3% Salt 


1 Per Cent HgSO, 
























Iron 






Tested Solution Corrosion Media 1 Per Cent HCl Tap Water 
ci. 0.0068 0.0177 0.0126 0.0137 
Roe 0.0086 0.0209 0.0094 0.0152 


Aston 0.0120 0.0306 0.0098 0.0145 
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Table Ill 


toss in Grams per Square Decimeter per Day, Reported by the U. S. Bureau of Standards 
Simple Immersion Immersion Aerated Wet and Dry 
314 % Sea Salt 3% % Sea Salt 3% % Sea Salt ; 
Solution Tap Water Solution Tap Water Solution Tap Water 
0.0063 0.0074 0.031 0.0215 0.140 0.073 
0.0061 0.0072 0.029 0.0217 0.125 0.047 
0.0059 0.0077 0.034 0.0207 0.168 0.057 


\. denotes Aston Iron pipe. 
H.P. denotes Hand-Puddled Iron pipe. 
A.H.P. denotes pipe made from a mixture containing 50 per cent Aston and 50 per cent 


Hand Puddled 


the sides, whereas the other irons were smoother. The ends of all of 
the irons seemed to have been attacked about equally, however. Fig. 2 
is a photograph showing the condition just referred to. The three 
wrought irons are here designated as follows: “H. P.” indicates 
hand-puddled wrought iron, “R” indicates Roe mechanically puddled 
wrought iron and “A” indicates Byers-Aston wrought iron. It will 
be observed that the hand-puddled specimens and the Roe specimens, 
together with the middle specimen of Byers-Aston iron have the same 
general appearance while the Byers-Aston specimen on the left and 
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_. . Fig. 1—Graph Showing Relative Losses in Each of the Specimens of Wrought Iron 
ested in this Investigation. 
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Fig. 2—-Photograph of Specimens of Wrought Iron Exposed to Sulphuric Acid 


g. 
H.P. indicates Hand-Puddled Iron; R indicates Roe Mechanically Puddled Iron; A 
indicates Aston Iron. 


particularly the one on the right, in the photograph, shows the 
“grooved” appearance referred to. 

Microscopic Examination. A photomicrographic examination of 
the specimens exposed in sulphuric acid was also made to determine 
the condition of the ends. Specimens were cut through the center, 
longitudinally, and polished for microscopic examination. Photo- 
micrographs of the ends were then taken in an attempt to show in a 
representative manner the condition of each. Fig. 3 shows the re- 
sulting photomicrographs, and here, too, “H. P.”, “R” and “A” 
designate hand-puddled, Roe and Aston respectively as in Fig. 
The corrosion attack is roughly the same on each make of iron, and 
the deep fissures seem to be in all cases due to the attack following 
slag inclusions. 
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3—Photomacrographs of Specimens of Wrought Iron Exposed to Sulphuric 
15. H.P. indicates Hand Puddled Iron; R indicates Roe Mechanically 
Puddled Iron; A indicates Aston Iron. 


SUMMARY 


In the salt water exposure, the bright (mill scale free) speci- 
mens indicated that Roe wrought iron had a slightly lower rate of 
loss than the others. The rate for hand-puddled iron and Byers- 
Aston iron was about the same, but slightly higher than the Roe iron. 
(he specimens from which the mill scale was not removed, showed 
hand-puddled iron to have the lowest rate of loss, Roe iron next and 
Byers-Aston iron the highest rate of loss. 


In the sulphuric acid exposure, bright specimens of Roe iron 
showed the lowest loss rate, with hand-puddled close, but a little 
higher, while the Byers-Aston iron suffered the greatest loss. The 
specimens from which the mill-scale was not removed, showed the 
irons to be in the same relative order as in salt water, namely, hand- 
puddled iron suffered the least loss, Roe iron was next and Byers- 
\ston iron next. 


In hydrochloric acid solutions the hand-puddled iron and the 
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Roe iron losses were about the same for the bright specimens wyhije 
the Byers-Aston iron was slightly higher. The specimens {rom 
which the mill-scale had not been removed gave highest loss for hanq- 
puddled iron with Roe and Byers-Aston almost the same an 
siderably lower than the hand-puddled iron. 

In tap water, the losses were approximately the same for all 
three irons in the bright condition. The hand-puddled and Byers- 
Aston iron suffered the same loss while with Roe iron the loss was 
slightly less. In the “as-received” condition, the rate of loss for all 
three irons was nearly the same, with Roe iron suffering a slightly 
greater loss than the others. 


con- 


DISCUSSION 


Written Discussion: By T. A. Hartgen, research metallurgist, Reading 
Iron Co., Reading, Pa. 

In comparing samples of two or more types of wrought iron it is necessary 
to consider the volume-weight relationships in interpreting the data because 
of the different nonmetallic (slag and oxide) content of the various irons. 
This will be an important factor in the summarized data where one considers 
the loss as grams per square decimeter. 

It was also noted that the samples shown in this paper were badly attacked 
on the ends. This condition is rarely found in any type of service. A more 
representative method would be to coat the ends with an impervious substance. 

O. A. Knicut: I do not believe the volume-weight relation (i.e., density) 
of wrought iron is so important as Mr. Hartgen seems to indicate. Our own 
work at the Bureau of Standards showed that in the finished pipe there was, 
in one instance, a greater variation in density among samples of the same kind 
of iron than there was among the different irons. And the iron having mini- 
mum slag content gave the widest range of density results and the highest in- 
dividual density value. 

Concerning the corrosion on the ends of the specimen, the photomicrographs 
shown were taken of the specimens exposed to sulphuric acid, hence, the worst 
corroded ones. A comparison of the end attack on the three irons was thought 
desirable, even though service conditions rarely expose the ends. No attempt 
was made to parallel conditions in service, but rather to compare the behavior 
of the different irons under the conditions stated. 

Dr. O. E. Harper :* Some discrepancies in the corrosion tests of the authors’ 
specimens which were cleaned and those which were left with the scale on them 
have been noted. Could Professor Knight give us some idea of the relative 
amounts of scale on the different kinds of specimens before cleaning them. 
That is, if these different kinds of irons had a slightly different amount of scale 
which was removed in the cleaning process that might help to account for the 
discrepancies. 


1Assistant Director, Battelle Memorial Institute, Columbus, Ohio. 
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©. A. Knicut: This was investigated at the outset. As a part of the 
tudy we took samples of each different iron and cleaned them, after which the 
ale was removed by pickling in 10 per cent ammonium citrate solution. They 
vere then weighed again, and the losses which we believe represented scale 
were as follows: Hand-puddled iron, 2.13 per cent; Roe iron, 2.48 per cent; and 
\ston iron, 2.63 per cent, all expressed as percentage of the original weight. 
Dr. Peter R. Kostinc:* The full significance of the differences in corro 
‘on rates reported will not be exactly visualized unless the probable errors 
and the number of specimens observed are also given. When these two factors - 
are given, one will be better able to evaluate the differences. 
O. A. Knicut: The number of specimens in each instance, as given in the 
body of the text, was 12. The variation from maximum to minimum is given 
in tabular form below, expressed as percentage of the original weights. 


Maximum and Minimum Weight Loss (Expressed in Per Cent of the Original) of 
Specimens of Each Group 


Minimum Maximum 
























Corrosion Loss Weight Loss Weight , 

Material Medium Per Cent Per Cent 
H.P.—Bright Salt Solution 4.80 5.80 
Roe—Bright Salt Solution 4.33 4.88 
Aston—Bright Salt Solution 4.81 6.71 
H.P.—Bright H2SO, Solution 10.68 12.00 
Roe—Bright H2SO, Solution 9.95 10.70 
Aston—Bright HeSO, Solution 13.15 19.79 
H.P.—Bright Tap Water 6.36 8.10 
Roe—Bright Tap Water 4.77 5.20 
Aston—Bright Tap Water 5.35 5.72 
H.P.—Bright HCl Solution 7.18 8.45 
Roe-—Bright HCl Solution 7.75 8.24 
Aston—Bright HCl Solution 8.55 10.15 
H.P.—-as-Received Salt Solution 3.75 4.14 
Roe—as-Received Salt Solution 3.96 6.55 
Aston—as-Received Salt Solution 5.17 9.19 
H.P.—as-Received H2SO, Solution 8.75 9.75 
Roe——as-Received HeSO, Solution 7.93 12.68 
Aston—as-Received HeSQO, Solution 13.60 15.25 
H.P.—as-Received Tap Water 6.35 8.05 
Roe—as-Received Tap Water 4.48 5.88 
Aston—as-Received Tap Water 4.95 6.58 
H.P.—as-Received HCl Solution 5.50 8.44 
Roe—as- Received HCl Solution 5.62 10.70 
Aston—as-Received HCl Solutien 7.09 8.38 








T. H. Netson:* When specimens with a heavy mill scale on are sub- 
mitted to corrosive tests, it is not at all unusual for partial breaking down of 
the scale to occur, and then for a very unusual kind of corrosion to continue, 
which is not comparable to what might happen to a specimen free from scale. 
| believe that the thickness of the original scale would have a very marked 
bear'ng upon the figures given for the specimens tested with the original scale 
upon it. 















For those who have watched the corrosion resistant alloys submitted to 
test in various corrosive medias with the scale upon them, you have perhaps 
been surprised to find that in some cases the scale will persist on a plate when 





“Watertown Arsenal, Watertown, Mass. 
’Metallurgical engineer, Midvale Co., Philadelphia 
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the material which is resistant to the corrosive media itself is actialfy 
perforated. 


Electrolytic action is set up between the scale and the base meta 


nd 

very unusual types of corrosion are created. Sandblasted before picklin, n- 

less steels was used by me years ago to break up the scales and allow uniform 
pickling without “pitting.” 

O. A. Knicut: The pitting which sometimes occurs by way of elec. 


trolytic action between metal and scale when the scale is broken, as mentioned 
by Mr. Nelson, has been observed many times by the writers, and this is one 
of the reasons why both “scale-free” and “as-received” specimens were tested 
in this work. 

N. I. Storz:* Our experience with pipe is that in practical testing we dis- 
covered the corrosion by cleaning the sample and weighing it. I am wondering 






















whether such a procedure does not often give us rather an exaggerated view- 
point because in cleaning we scrub away coatings which cause protection if con- 
tinued in service. I have an idea that in a great many cases corrosion in service 
proceeds very fast, and then diminishes in speed and reaches an equilibrium, and 
often pieces of pipe would continue in service for a great many years, especially 
with reference to wrought iron, in an apparently corroded condition, whereas 
the actual speed of corrosion has been retarded. I would be interested in 
having Professor Knight’s reaction to that viewpoint. 

O. A. Knicut: Those of us who have had experience in removing pipe 
samples from service, particularly pipe buried underground, and of studying 
them, realize that, as Mr. Stotz says, a pipe may be badly corroded and yet 
give years of service before replacement is necessary. Also, it is well known 
that in many environments iron pipe corrodes most rapidly during the early 
stages of service and decreases as time goes on, so that it is very easy for one 
to draw erroneous conclusions in making a study of such samples, especially 
if one should attempt to predict the probable remaining service life. Plenty 
of practical “field” experience and good judgment are required to properly in- 
terpret such data. 


Authors’ Closure 





The authors feel gratified that so much interest has been shown in this 
paper. They realize the difficulty of interpreting corrosion data, whether ob- 
tained in the field or in the laboratory, and the folly of attempting to predict 
service life from data acquired by laboratory tests. The results, however. 
obtained over a two-year period, checked fairly closely those obtained by 
shorter periods at the U. S. Bureau of Standards and in Germany and should 
be of some value in comparing the irons tested in the media employed in the 
tests. The specimens now exposed in the atmosphere and those buried in soil 
should yield something of interest in the future. 

We are also very thankful for the many valuable suggestions received, both 
during the discussion of the paper and by private communication. 










‘General Superintendent, Braeburn Alloy Steel Corp., Braeburn, Pa. 
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CUTTING TEMPERATURES DEVELOPED BY SINGLE- 
POINT TURNING TOOLS 


By O. W. Boston Anp W. W. GILBERT 


Abstract 





This paper covers an investigation in which a single 
steel was cut by a single tool bit. Temperatures were 
determined by the tool-work thermocouple method for 
each of numerous conditions of tool shape, depth of cut, 
and feed. The effect of such elements as nose radius, 
side-cutting angle, side-rake angle, back-rake angle, depth 
of cut, feed, and cutting speed on the temperatures have 
been determined. 


HIS paper gives the results of a series of experiments to 
lane the temperatures developed by a high speed steel tool 
when cutting an 0.61 per cent carbon steel on a lathe when the ' 
cutting speed, tool angles, feed, and depth of cut were varied suc- 


cessively. 
MetTuop oF RECORDING TEMPERATURES 


The measurement of the temperature of a lathe tool while 
cutting metal may be accomplished by several different methods, each 
of which has certain advantages. By inserting a thermocouple in 
the tool near the cutting edge, the temperature of the tool at that 
point may be measured. As the position of the couple will change 
with respect to the flow of the chip, the maximum temperature of »* 
the tool would not always be measured when the conditions of cut- 
ting are varied. For instance, if the thermocouple were placed close 
to the edge of the tool so as to measure the maximum temperature 
for small feeds, it would not record the highest temperature when 
heavy feeds were taken. The tool is weakened structurally due to 
the presence of the hole in which the thermocouple is placed, and 
the heat radiation will be affected. The location of the thermocouple 
relative to the cutting edge also will be changed if the tool is re- 










A paper presented before the Sixteenth Annual Convention of the Society 
held in New York City the week of October 1, 1934. Of the authors, O. W. 
Boston, a member of the Society, is director, Department of Metal Processing 
at the University of Michigan, Ann Arbor, Mich., and W. W. Gilbert, a junior 
member, is instructor in metal processing of that university. Manuscript re- 
ceived June 22, 1934. 
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sharpened. These disadvantages, combined with the fact that a, 
temperatures of the tool at the point of the thermocouple are ob; 
rather than maximum temperatures, make this method objectionable 
for these types of experiments. 

The development and use of the radiation pyrometer, a: 
by Schwerd (1)* to measure the temperature during cutting, was 
a contribution that allowed the temperature distribution on the 
surface to be determined. This pyrometer is of great value in the 
study of temperatures produced on the surface of the work or 
tool and may lead to a better understanding of the theory of metal 
cutting. Its use is limited to the evaluation of temperatures only on 
the outside surface rather than at those points more intimately con- 
nected with chip formation. It is doubtful, therefore, if the maxi- 
mum or even proportional temperatures would be obtained as required 
in this investigation. 

The Herbert-Gottwein tool-work thermocouple for measuring 
temperatures offers great flexibility and at the same time is simple 
in operation (2), (6). This method consists in using the cutting 
tool and the test log as the two elements of the thermocouple. The 
cutting edge, or face of the tool, in contact with the work, when 
turning, forms the heated junction. The electromotive force gener- 
ated by the differences in temperature of the hot and cold junction 
is measured with a potentiometer. The work material in contact 
with the tool has been subjected to plastic flow and is of a different 
structure than that of the original log. It is believed that this method 
measures the maximum temperatures of the tool, and for that reason 
it was selected for this work (4). 

In preliminary cutting tests, both the test log and the tool were 
insulated from the lathe. Later it was found necessary to insulate 
either the log or the tool. In these tests only the tool bit holder was 
insulated from the straps. The cold junction of the tool was kept 
at room temperature by extending the tool bit with a second piece of 
tool bit material to a distance of approximately 10 inches from the 
cutting edge. In making temperature readings, cuts of short dura- 
tion were taken, and at no time would this cold junction increase in 
temperature by any perceptible amount. The room temperatures 
were measured and corrections made for any variation of the cold 
junction. 


used 


*The figures appearing in parentheses refer to the bibliography appended to this paper 
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CUTTING TEMPERATURES 


TESTING EQUIPMENT 













\ 30-inch swing, 14-foot bed, modern, heavy-duty lathe, equipped 

+h a 15-horsepower motor driving through a Reeves variable 
seed transmission was used. With this equipment it was possible 
, adjust the cutting speed to any desired value, regardless of the 


diameter of the work, and maintain uniform cutting conditions. In 


olace of the customary solid tool post of the lathe, a Losenhausen 
dynamometer was used to support the tool. With this instrument, a 
continuous graph of the three components of the force acting on the 
tool while cutting was recorded. The forces on the tool were meas- 


ured for all tests, but will be reported on in a separate paper. 


Tuer Toots AND MATERIAL 





















To eliminate any variation due to a change of tool material 
quality, only one tool bit was used for all tests. This tool was 
ground to the correct angles on a universal tool grinder without a 
coolant, care being taken to prevent overheating. The nose radii 
were ground by hand and checked with radius gages. Only enough 
honing to remove burrs was employed. A commercial 18-4-1 type 
of high speed steel was used in the form of a bit ¥ inch square and 
314 inches long when new. It had the following analysis : 


Per Cent Per Cent 
oa See Oe oO) 0 08 P 





a aba a aod 


The heat treatment consisted of preheating at 1600 degrees Fahr. 
(870 degrees Cent.), raising to a high heat of 2400 degrees Fahr. 
(1315 degrees Cent.) until sweat appeared, and then drawing in 
lead at 1100 degrees Fahr. (595 degrees Cent.) for two hours. The 
hardness averaged 64 to 67 Rockwell C. Two calibration bars 14 
inches in length from the same heat were used in the calibration of 
the tool-work thermocouple. The tool shapes used are shown in 
Table I. 

The tests were limited to one material which was in the form 
of a cylindrical log 6 feet, 10 inches long and 10% inches in 
diameter, weighing approximately 1800 pounds. The analysis was 
as follows: 
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Per Cent Per Cen! 
Raise stk aioe a 0.61 > 
Mn aay ot ee 0.66 “eseeeeeeeeenenee 0.036 
a Sabah tener a" 0.29 Ei Graco Whee cetaauee 0.034 
The bar was normalized and the hardness at the outside was 225 


nt het 


Brinell. At 5 inches diameter the hardness had changed to 207, and 
at the center of the log it was 196. 

The tensile test specimen was taken parallel to the axis of the 
test log at 5 inches diameter. The physical properties were 


Tensile strength ........... 98,950 pounds per square inch 
Se 2 8 per cent in two inches 
Reduction in Area ......... 6.6 per cent 

REET 0 v.60 wediewns oe Gee 58,250 pounds per square inch 
Brinell of test specimen .... 207 


CALIBRATION OF TooLt-WorK THERMOCOUPLE 


The actual cutting condition of the tool is difficult to reproduce 
when calibrating the thermocouple. The tool junction is at a high 
temperature and at the same time is under extreme pressure when 
cutting. The material of the test log that is in actual contact with 
the tool is in a deformed and strained condition. The material when 
strained and deformed will have slightly different electrical char- 
acteristics than when in the original condition of the bar. The force 
on the tool remains approximately constant for a given size of cut 
when the cutting speed is varied, and, since this force is of uniform 
value, it'is reasonable to assume that the electromotive force gener- 
ated due to the straining of the material will be of constant value 
throughout the range of cutting speeds and temperatures. Other 
investigators have proved this assumption to be correct and have 
shown the magnitude of this electromotive force to be small in 
comparison to that generated due to the heating of the tool (4). 
The temperatures encountered in this report rarely were less than 
375 degrees Fahr. (190 degrees Cent.) and the error in neglecting the 
electromotive force due to the straining would be less than 5 per 
cent. However, to reduce this error to even a smaller amount, the 
following method was used to approximate the actual cutting condi- 
tion when calibrating the tool-work thermocouple. 

A piece of the original test log was joined to the 14-inch high 
speed steel calibration bar by means of a special insulated clamp. 
This clamp held the two materials under pressure contact at the tip of 
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. tool causing the materials to be stressed in somewhat the same 
manner as in actual cutting. The calibration then was performed 
‘1 an automatically controlled electric furnace. A calibrated chromel 
alumel thermocouple was placed within 4% inch of the junction of the 
tool-work thermocouple to record the actual temperatures. The 
couples were inserted through a built-up false door of the furnace. 
\nv variation of the cold junction was recorded and corrected to 
75 degrees Fahr. (25 degrees Cent.). The temperature was varied 
from room temperature to 500 degrees Fahr., then cooled to 250 
degrees Fahr. (120 degrees Cent.) by 50-degree Fahr. intervals. 
The furnace was kept at a constant temperature for 30 minutes 
before readings were taken. The couples again were heated to 800 
degrees Fahr. (425 degrees Cent.) and cooled to 500 degrees Fahr. 
(260 degrees Cent.) by 100-degree Fahr. intervals. Upon heat 

ing to 1100 degrees Fahr. (595 degrees Cent.) and subsequent cool- 
ing to 350 degrees Fahr. (175 degrees Cent.) by 100 degrees Fahr. 
intervals there appeared no variation of the calibration curve from 
the previous runs. However, when the couple was heated to 1750 
degrees Fahr. (955 degrees Cent..) and cooled to 250 degrees Fahr., 
there occurred a variation from the previous curves. 

The cooling curve gave higher values of electromotive force than 
the heating curve. The points of contact of the materials of the 
tool-work thermocouple showed slight signs of oxidation which may 
have accounted for some of the variation. These results indicated 
that when the temperatures remained below the drawing temperature 
of the tool (1100 degrees Fahr.), the curve of the electromotive 
force plotted against degrees Fahr. remained unchanged. How- 
ever, when the temperature exceeded 1100 degrees Fahr. (595 degrees 
Cent.), the structure of the high speed steel was changed and the 
electromotive force curve also varied. This seemed to indicate defi- 
nitely that, to obtain reliable and reproducible results, the tool tem- 
perature must remain below 1100 degrees Fahr. When tool failure 
tests with small values of tool life were made the temperatures ex- 
ceeded this amount and no reliable readings of temperature were 
obtained. 

A second calibration was performed after the high speed steel 
had been reheat treated under the same conditions as the first heat 
treatment. A new piece of the 0.61 per cent carbon steel was used. 
This calibration did not give the same results as the first. The 
values of electromotive force in the second calibration were much 
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lower than the first. This indicated that the heat treatment 
duced a decided change in the electromotive characteristics o} 
high speed steel. 


When the unheated end of the high speed steel calibration bay 





was ground and tested after each calibration by cutting under si:j- 
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__ Fig. 1—Calibration Curve of 0.61 Per Cent Carbon Steel 
with Hardened 18-4-1 (B-6) High Speed Steel Tool. 


lar conditions, the values of electromotive force generated were not 
the same, but the temperatures of cutting, as read from the calibra- 
tion curves, were equal for each tool. In the tests of this report 
the first calibration curve was used as shown in Fig. 1. This rep- 
resented the original heat treatment of the tool. A tool bit was 
selected which would give the same values of electromotive force 
as the standard high speed steel calibration bar under similar cut- 
ting conditions. 
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Table I 
Shape of High Speed Steel Tools Cutting a 0.61 Per Cent Carbon Steel Dry 


Side Clearance 
End Clearance 
Tool Back Rake Side Rake End Cutting Side Cutting Nose Radius 
Number in Degrees in Degrees in Degrees in Degrees in Inches 


] 14 6 6-6 0 0 
) 14 6 6-6 0 ah 
14 o-——-0—0 ) as 
14 6-6-6 0 vi 
14 o—0-—0 0 \% 
14 o—-0—0 0) re 
14 6-6-6 8] 1 
14 6—6--6 0 
14 6—60—6 15 
14 6-6-6 30 
14 6-6-6 45 
6—6—6 60 
6—60—6 0 
6 6 6 0 
6—o—6 0 
6—b—-6 0 
6—6-—-6 0 
6—b—-6 0 
6—6—0 0) 
6—6b— 6 0 
6—b— 6 0 
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CurTtinG TEMPERATURES AS INFLUENCED BY Too. SHAPE AND 
CUTTING SPEED 


To study the effect of varying the angles of a lathe tool, a 
series of tests were conducted and temperatures recorded at vary- 
ing speeds for each of the shapes. The maximum speed of each 
test was governed by the cutting temperature which was not allowed 
to exceed 1100 degrees Fahr. (595 degrees Cent.). The cutting 
speed was measured on the periphery of the test log ahead of the 
cut by means of a calibrated surface speed indicator. 

The depth of cut was kept constant at 0.100 inch and the feed 
at 0.0125 inch per revolution for these tests. No coolant was used. 

A basic lathe tool, indicated at No. 3, Table I, was selected 
which had the following angles: 8-degree back-rake, 14-degree side- 
rake, 6-degree side clearance, 6-degree end clearance, 6-degree end 
cutting angle, O-degree side cutting angle, and ,j-inch nose radius. 
The back slope of the bit in the holder was 10 degrees and 30 
minutes, and the setting angle of the tool was 90 degrees. These 
angles are indicated hereafter in the form 8-14-6-6-6-0-,-inch R. 


The variables tested in their respective order were nose radius, 
side-cutting angle, side-rake, and back-rake angles, as listed in Table 
|. Clearance angles and end cutting angles were not varied. This 
iS approximately the same range of angles previously investigated 
for tool life when cutting S.A.E. 2335 steel. (7) 
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Errect oF CUTTING SPEED ON Toot TEMPERATURES 


The temperature at which a tool operates is determined 
large extent by the cutting speed. There is known to be a direct 
relation between tool life and cutting speed, other factors remaining 
constant. This indicates the possibility of finding a relation be- 
tween the temperature at which a tool operates and the tool life that 
may be expected at that temperature. When the cutting speed was 
increased from 7.8 feet per minute for each of several tools as 
shown in Fig. 2, the rise in temperature was not in direct propor- 
tion to the inerease in speed. The temperature increased rapidly 
up to approximately 500 degrees Fahr. (260 degrees Cent.), after 



















which it was almost in direct proportion to the increase in speed, 
This tendency was observed for all tools, and a characteristic hump 
was present on all curves plotted against cutting speed between tem- 
peratures of 450 and 575 degrees Fahr., indicating that a definite 
change of the cutting action takes place, which is dependent upon 
the temperature and not on the speed of cutting. It is felt that a 
further study of the hardness of the test log and the character of 
the built-up edge at this temperature would be of considerable value. 
Above 575 degrees Fahr., the curves of the temperature at varying 
speed form straight lines. 


EFFECT OF VARYING NosE Raprus 


The profile of a lathe tool is controlled by the value of the 
nose radius and the side-cutting angle, both of which have a de- 
cided influence on the tool life.(7) When the side-cutting angle 
is held constant at O degree and the nose radius is increased, the 
average thickness of chip is decreased and the temperatures are con- 
centrated closer to the cutting edge, but are distributed along a 
greater length. The variation of the thickness of the chip for the 
larger nose radius introduces multiple periods of vibration which 














tend to dampen each other and cause a smooth cutting action. How- 
. ever, if the average thickness of chip becomes too small, the variation 
in thickness is not large enough to neutralize vibrations and chatter 


will occur. 


ed 


The temperatures at increasing cutting speeds were measured 
for tools Nos. 1 to 7, Table I, having nose radii of 0, ss, #, @, %; 
js, and % inch, all other angles remaining constant. The results 
of these tests are given in Fig. 2, and show the decrease of tem- 
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CUTTING TEMPERATURES 








TEMPERATURE (IN DEGREES 





60 IO 

Currine SPEED wWKEET PER STINUTE 
Fig. 2—Effect of Cutting Speed and Tool Nose Radius on Cutting Tem 
perature. Tool-work Thermocouple of a High Speed Steel (B-6) Cutting Dry a 
0.61 Per Cent Carbon Steel. Depth of Cut 0.100 Inch, Feed 0.0125 Inch 


per Revolution. &-14-6-6-6-0-(Variable Radius) Tool Used with Lo cnhausen 
Dynamometer on 30-inch Lathe. 


perature resulting from an increase in nose radius at the same speed, 
feed, and depth. 

The increase in cutting speed for temperatures of 600, 800, 
and 900 degrees Fahr. when the nose radius is varied from 0 to 
(4 inch, is shown in Fig. 3. Taking the cutting speed for the ,j-inch 
nose radius as unity, the relative value of cutting speed when oper- 
ating at any of the three constant temperatures is plotted in Fig. 3, 
the values of which are 


Nose Radius 0 aa aa aa le I's “4 
Relative value of cutting speed 0.96 0.98 1.00 1.09 1.27 1.49 1.62 


Theoretically then it would be advantageous to have the largest nose 
radius possibile. This assumption has been tested previously and proved 
correct from the viewpoint of tool life, but chatter and excessive 
vibrations limit the size of radius for a given feed and depth.(7) 
The color of the oxidized chip does not appear to be a true 
measure of the temperature of the tool. For the 44-inch nose radius 
tool cutting at 45 feet per minute, the temperature, as shown in 
lig. 2, is approximately 690 degrees Fahr. and the color of the chip 
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as it left the tool was a light tan, which would indicate a te; 
ture of only 450 to 480 degrees Fahr. This difference of ten 
ture is to be expected, as the zone of maximum temperature is 
ably small in comparison with the size of chip, and the heat tr; 
through the chip reduces this maximum temperature before the 
film forms. The position of the maximum temperature of tl 


8 


» 

4 
™~ 
we 


°e 
) 


in FEET PER MINYTE 
c 
& 
—/ 


c 

_~ 
- 

4 








% 
9 





Q 
“ 
wy 
Q 
a) 
9 
g 
mw 
A 
> 
VY 


> 
=] 


~ . ~ 
9 , 
KELATIVE VALUE OF CUTTING SPEED AT Cons TANT TEMPERATURE 








Ja 
Nosé RADIUS IN INCHES 


Fig. 3—Effect of Nose Radius on Cutting Speed at Constant Tempera 
ture. Tool-work Thermocouple of a High Speed Steel (B-6) Cutting Dry a 
0.61 Per Cent Carbon Steel. Depth of Cut 0.100 Inch, Feed 0.0125 Inch 


per Revolution. 8-14-6-6-6-0-(Variable Radius) Tool Used with Losen- 
hausen Dynamometer on 30-inch Lathe. 


is most probably at the point of rubbing contact between the chip 
and the tool and is a slight distance from the cutting edge. The 
built-up nose protects the cutting edge from excessive friction. 
Maximum wear takes place at the point of frictional contact of chip 
and tool. This would limit the maximum temperatures to the under 
side of the chip. The time required to produce colored oxide films 
on the top of the chip would be governed by the thickness of chip 
and the rate of heat transfer through the chip. Since the time re- 
quired for heat transfer through the thicker chip would allow a tem- 
perature drop, it would be expected that the oxide films would indi- 
cate much lower temperatures than occur in a thin chip. These 
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imptions seem justified from the following observations. With 
‘-inch nose radius tool operating at a speed such that the chip 
.s a light purple, the temperature was 890 degrees Fahr. (475 
eorees Cent.), while with the y's-inch nose radius, which would give 
thicker chip, the temperature required to produce the same color 
{ oxide film was 975 degrees Fahr. 

The curves of temperatures plotted against cutting speed for 
varving nose radius for the conditions indicated may be represented 
by the formula 

CV + 380 


in which F equals the temperature in degrees Fahr., V equals the 
cutting speed in feet per minute, and C is a constant depending upon 
the nose radius and other cutting conditions. This holds only above 
575 degrees Fahr. and below 1100 degrees Fahr. (595 degrees Cent.). 
The values of C are 

Nose Radius 0) qo a's dy iQ Ay 


Value of C 11.9 11.7 11.4 10.1 902 7.05 7.04 


While this formula holds for the range of conditions given, it is 
not yet proved that it should not be accepted as valid when the 
cutting conditions are varied. When comparing the effect of cut- 
ting speed on the tool temperature with the results of tests made 
by Professor K. Gottwein(2) for various sizes of cuts, it is found 
that the tests compare favorably when using similar sizes of cuts, but 
the agreement was not so close for heavier cuts. 


EFFECT OF VARYING SIpE-CUTTING ANGLE 


An increase of side-cutting angle produced much the same effect 


as an increase in nose radius. The temperatures were decidedly 
lowered as the side-cutting angle was changed from O to 60 de- 
grees. The various angles tested were 0, 15, 30, 45, and 60 degrees, 


each with the gy-inch nose radius and other angles as listed in 
Table I. The results of the tests of side-cutting angles at increas- 
ing speeds are shown in Fig. 4. The curves formed straight lines 
alter the temperature of 575 degrees Fahr. was exceeded, but for 
temperatures between 450 and 575 degrees Fahr., a characteristic 
hump was present, indicating that the turning of this steel was 
influenced by temperature as well as cutting speed in this range. 

In Fig. 5 is shown the data of Fig. 4 replotted to illustrate 
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- 
/n DEGREES 


TEMPERATURE in DEGREES F 


Currine SPEED in FEET PER MINUTE 


Fig. 4—Effect of Cutting Speed and Side-cutting Angle on Cutting Temperature. 
Tool-work Thermocouple of a High Speed Steel (B-6) Cutting Dry a 0.61 Per Cent 
Carbon Steel. Depth of Cut 0.100 Inch, Feed 0.0125 Inch per Revolution. 8-14-6-6-6. 
(Variable Side-cutting Angle)-#-inch Radius Tool Used with Losenhausen Dynamometer 
on 30-inch Lathe. 


the cutting speeds for constant temperatures of 600, 800, and 900 
degrees Fahr. when the side-cutting angle was changed from 0 to 
60 degrees. The relative values of cutting speed at any constant 


temperature, taking the O-degree side-cutting angle as unity, are also 
plotted in Fig. 5 and are 


Side-cutting angle, in degrees 0 15 30 45 60 
Relative value of cutting speed 1.00 1.09 1.22 138 8§=171 


These values show that the cutting speed was increased 71 per cent 
when operating at a constant temperature by changing the side- 
cutting angle from 0 to 60 degrees. 

The temperatures above 575 degrees Fahr. may be represented 
by the formula 


F = CV + 380 
in which the values of C are 


Side-cutting angle, in degrees 0 15 30 45 60 
Value of C 10.5 9.57 850 7.60 618 
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he value of C for the O-degree side-cutting angle does not check 
ith that for the gj-inch nose radius, for, although the tool shapes 

re identical, the tests were made on different diameters of the log, 
the nose-radius tests being made in slightly harder material. The 
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Fig. 5—Effect of Side-cutting Angle on Cutting 
Speed at Constant Temperature. Tool-work The1 
mocouple of a High Speed Steel (B-6) Cutting Dry a 
0.61 Per Cent Carbon Steel. Depth of Cut 0.100 Inch, 
Feed 0.0125 Inch per Revolution. 8-14-6-6-6-( Variable 
side-cutting Angle)-jj-inch Radius Tool Used with 
Losenhausen Dynamometer on 30-inch Lathe. 


values of C given above were taken from tests run on the same 
diameter and are directly comparable. 

When the average thickness of chip was small, as for the larger 
side-cutting angle, the color of the chip coming off the tool was a 
much darker blue than for those of thicker chip cross section of 
the O-degree side-cutting angle when both tools were operating at 
the same tool temperature as indicated by the tool-work thermo- 
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de 





couple. This indicates again that the maximum temperatures a; 





the top of the tool and on the bottom of the chip. 


kerrect OF VARYING SIDE-RAKE ANGLE 







Tools, alike except for side-rake angles of 0, 6, 14, 22, 30, anq 
40 degrees respectively, each were tested at various cutting speeds 
The resulting temperatures are plotted in Fig. 6. The curves for 


O- and 6-degree side-rake angles varied somewhat from straight lines 
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Fig. 6—Effect of Cutting Speed and Side-rake Angle on Cutting Tempera 
ture. Tool-work Thermocouple of a High Speed Steel (B-6) Cutting Dry a 0.6! 
Per Cent Carbon Steel. Depth of Cut 0.100 Inch, Feed 0.0125 Inch per Revolu 
tion. 8-(Variable Side-rake Angle) -6-6-6-0-s;-inch Radius Tool Used with Losen 
hausen Dynamometer on 30-inch Lathe. 
















These two curves are the average of two separate tests. The read- 
ings of temperature were difficult to obtain, due to the fluctuation 
of the indicator of the potentiometer. For the small side-rake angles. 
the cutting action was more of a shearing and pushing off of the 
metal by the tool, while for the 30- and 40-degree side-rake angle 
tools, there was a smooth cutting action producing chips of the flow 
type with practically no deformation of the test log ahead of the 
tool. The O- and 6-degree tools, however, threw up burrs on the 
test log which indicated considerable plastic flow of the material. 
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ie temperature readings for the 30-degree and 40-degree tools 
re uniform and had no tendency to fluctuate, showing that the 
itting action was more uniform than for the small sids-rake angles 
The cutting speeds at constant temperatures ot 600, 800 and 

0 degrees Fahr. for each of the side-rake angles from O to 40 
degrees are shown in Fig. 7. Within the range of angles tested, 
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Fig. 7—Effect of Side-rake Angle on Cutting 
Speed at Constant Temperature. Tool-work Ther 
mocouple of a High Speed Steel (B-6) Cutting Dry 
a 0.61 Per Cent Carbon Steel. Depth of Cut 0.100 
Inch, Feed 0.0125 Inch per Revolution. 8-(Vari 
able Side-rake Angle)-6-6-6-0-~-inch Radius Tool 
Used with Losenhausen Dynamometer on 30-inch 
Lathe. 


the cutting speed, when operating at a constant temperature, increased 
ead- when the side-rake angle was increased. The relative cutting speeds, 
tion at a constant temperature of 900 degrees Fahr., taking 14-degree 
les. side-rake as unity, were 
the 


side rake angle 0) 6 14 22 40 
ngle 


oo 


Relative cutting speed 81 88 1.00 1.11 1.32 
flow 


the Corresponding relative speeds were lowered slightly when based on 
the constant temperatures of 800 and 600 degrees Fahr. 
rial. These values are shown in Fig: 7 and indicate the superiority 
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of the high value of side-rake angle. Caution should be us 
interpreting these results, as it has been previously shown(7) ¢hat 
a side-rake angle of approximately 22 degrees gives maximum {oo 
life when cutting an S.A.E. 2335 steel in an annealed condition 
The temper colors of the chip again are very misleading and 
do not indicate the true value of the cutting temperature. For the 
O-degree side-rake tool operating at 900 degrees Fahr. (480 de- 
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z | 
F=CV+380| 
C#9.89 709.31 | 


5 





TEmPpeérarure in DEGREES - 





oO 40 20 JO #0 5O 60 7O 80 
Currine SPEED IN FEET PER MINUTE 


Fig. 8—Effect of Cutting Speed and Back-rake Angle on Cutting 
Temperature. Tool-work Thermocouple of a High Speed Steel (B-6) 
Cutting Dry a 0.61 Per Cent Carbon Steel. Depth of Cut 0.100 Inch, 
Feed 0.0125 Inch per Revolution. (Variable Back-rake Angle)-14-6-6 
6-0-¢;-Inch Radius Tool Used with Losenhausen Dynamometer on 30 
inch Lathe. 


grees Cent.), the chip was colored a light purple, while the 40-degree 
tool operating at the same temperature produced no visible coloring 
of the chip. This would lead to two conclusions: first, that the 
higher temperature of the chip, as given by the temper colors, was 
due to the increased deformation and work on the chip caused by 
the small side-rake angles; and second, that the position of maxi- 
mum temperature on the tool was more localized and the increased 
rate of chip flow due to higher cutting speeds did not allow so much 
heat to pass into the chip when the larger side-rake angles were 
used. As the side-rake angle is increased, the point of maximum 
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ar and maximum temperature, on the face of the tool, moves 
ward the cutting edge. For 30-degree and 40-degree tools there 


practically no wear on the face of the tool, and failure takes place 


the cutting edge, indicating that the highest temperatures are 
localized at this point. Variations of temperature for different side 
rake angles cannot be represented by the formula 


F CV + 380 
EFFECT OF VARYING BAcK-RAKE ANGLE 


Tools with back-rake angles of 0, 8, and 16 degrees, as shown 
in Table I, were each investigated at various cutting speeds. Two 
series of tests were necessary, as the first series was run on two 
different diameters of the test log and gave erratic results in which 
the tests at the smaller diameter gave lower temperatures than the 
tests at the larger diameter where the Brinell hardness was higher. 
The second series of tests was run on a single diameter, and the re- 
sults are shown in Fig. 8. The first series of tests had shown the 
curves to be straight lines above 575 degrees Fahr., so in the sec 
ond series, temperatures were measured at only three speeds for 
each value of back-rake angle. 

An increase in back-rake angle decreases the cutting tempera- 
ture, but the relative decrease was much less than for an equal 
change of side-rake angle. This was to be expected, as the depth 
of cut was eight times the feed. For higher values of feed the 
back-rake would be of greater importance. At 900 degrees Fahr. 
the relative values of cutting speed are 


Back-Rake Angle 0) 8 16 
Relative value of cutting speed 0.966 1.00 1.02 


These curves may be represented by the formula 
F=CV + 38 
where the values of C are 


by Back Rake Angle 0 & 16 


1Xxi- Value of C 989 953 9.31 


ised 
EFFECT OF VARYING FEED AND DEPTH OF CUT AT 


CONSTANT SPEED 


uch 
rere 


um The range of feeds and depths were limited by the capacity 
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Fig. 9—Effect of Variable Feed and Depth of Cut on Cutting Temperature at th: 
Constant Cutting Speed of 20 Feet per Minute. Tool-work Thermocouple of High 
Speed Steel (B-6) Cutting Dry a 0.61 Per Cent Carbon Steel.  8-14-6-6-6-0-,)-inch 
Radius Tool Used with Losenhausen Dynamometer on 30-inch Lathe 


of the dynamometer for measuring the forces on the lathe tool and 
by the size of the tool bit itself. 

The feed was varied from 0.0089 to 0.045-inch per revolution 
for each depth of 0.075, 0.100, and 0.1875-inch. These depths were 
measured with a depth micrometer and found to have increased to 
0.077, 0.103, and 0.191-inch, respectively. The speed was kept con- 
stant at 20 feet per minute, and the tool shape used was 8-14-6-6-6- 
Q-,8;-inch R and was kept constant throughout the tests., The tool 
was, however, reground before each test so as to insure its being 
comparatively sharp. 

The depth of cut was varied from 0.010 to 0.200-inch for each 
feed of 0.0125, 0.025, and 0.031-inch per revolution. 

The results of varying the feed and depth when operating at 
a constant cutting speed with one tool shape are shown in Fig. 9 
These curves may be represented approximately by the formula 


F = 5,840 ff" d@-e ee") 


in which F is the maximum tool temperature in degrees Fahr., f 
is the feed in inches per revolution, and d is the depth of cut in inches. 
This formula holds very closely within the limits of the feeds 


and depths tested. It indicates that for a given size of cut, minimum 
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| temperatures are obtained with small feeds and large depths. 
ErrEcT OF VARYING SPEED FOR VARIOUS SIZES OF CuTsS 
Using the 8-14-6-6-6-0-g4-inch R tool shape as used in the tests 


varving feeds and depths, the feed was kept constant at 0.0125- 


inch per revolution and the depth of cut was varied and tested at 
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Fig. 10—Effect of Variable Cutting Speed and Depth of Cut on 

Cutting Temperature. Tool-work thermocouple of High Speed Steel 

(B-6) Cutting Dry a 0.61 Per Cent Carbon Steel.  8-14-6-6-6-0- 

inch Radius Tool Used with Losenhausen Dynamometer on 30-inch 

Lathe. 
increasing speeds. The depths of cuts used were 0.025, 0.050, 0.075, 
0.100, and 0.1875-inch. When the actual depths were checked, they 
were found to be 0.026, 0.052, 0.077, 0.103, and 0.191-inch, respec- 
tively. 

The effect of increasing the depth of cut, as shown in Fig. 10, 
has practically no effect on the general type of curve showing the 
relation between tool temperature and cutting speed. The curves 
may be represented approximately by the formula 


F=>CV + 380 


where the value of C is dependent upon the feed, depth of cut, and 
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tool used. The formulas for these variables of feed, depth, an 
shape have been given above. 


CONCLUSIONS 





1. The increase of temperature up to 550 degrees Fahr. (290 
degrees Cent.) is more rapid for an increase in cutting speed than it 
is above 570 degrees Fahr. (300 degrees Cent.) where the tem- 
perature increase is approximately proportional to the increase of 
speed. See Figs. 2, 4, 6, 8, and 10. 

2. Increasing the nose radius from 0 to 44-inch permits an 
increase of 68.8 per cent in cutting speed at any constant temperature. 

3. The surface color of the heated chip is not a direct indication 
of tool temperature. 

4. Increasing the side-cutting angle from 0 to 60 degrees per- 
mits an increase of 71 per cent in the cutting speed at constant 
temperature. 

5. A uniform increase of cutting speed of 61.7 per cent is 
obtained at a constant temperature by increasing the side-rake angle 
from O to 40 degrees. 

6. Variation of back-rake angle has relatively little effect on 
the cutting temperature, when the ratio of depth to feed is large. 
The cutting speed at uniform temperature may be increased 5.6 per 
cent for a change in back-rake angle frome 0 to 16 degrees. 

7. When operating at a constant speed, minimum tool tempera- 
tures may be obtained by using large depths and small feeds for a 
given area of cut. 

8. For a speed of 20 feet per minute and a feed of 0.025- 
inch, the cutting temperature is increased only about 9.4 per cent 
by doubling the depth of cut from 0.010-inch to 0.020-inch, 24.8 
per cent, by increasing the depth of cut from 0.010-inch to 0.050- 
inch, or 47.3 per cent, by increasing the 0.010-inch feed twenty times. 

9. For a speed of 20 feet per minute and a depth of cut of 
0.103-inch, the cutting temperature is increased 19.5 per cent by 
doubling the feed from 0.010 to 0.020-inch, or 70.8 per cent, when 
the 0.010-inch feed is increased five times. 

10. A definite relation, which may be expressed by an empiri- 
cal equation, is obtained between cutting temperatures as determined 
by the tool-work thermocouple and other variables as follows: 
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ible nose radius, F CV + 380 (C 11.9 to 7.04 for 0 to 14-inch 
radius ) 

‘able side-cutting angle, F CV + 380 (C 10.5 to 6.18 for 0 to 60 deg.) 

thle back-rake angle, F CV + 380 (C 9.89 to 9.31 for 0 to 16 deg.) 

iable feed and depth, F —.:.m mae. 
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DISCUSSION 
Written Discussion: By Hans Ernst, research engineer, Cincinnati 
Milling Machine and Cincinnati Grinders, Inc., Cincinnati, Ohio. 
The findings recorded in this paper corroborate, in general, the results 


reported by the authors in their earlier paper on the effect of shape on the life 











724 TRANSACTIONS OF THE A. S. 





M. 





of turning tools.’ It is reasonable to expect that, if we change a D: 


variable in a direction so as to decrease the tool temperature, we ; 


obtain an increase in tool life. This is fully borne out by the results . 
two series of tests: any increase in nose radius, side cutting angle, s 
angle, and back-rake angle, producing both a decrease in temperature 
increase in tool lite. In fact, the correspondence between the two se: 
striking as to merit further disquisition by the authors. 

The data obtained in these tests provide further evidence that we ma 
as the criterion for low tool temperature (and high tool life), the deoree os 
opposition to chip flow. With a large nose radius the chip section is distributed 
along a greater length of the cutting edge, consequently the average chip thick 
ness is greater, and the built-up edge will be smaller than with a small nox 
radius; hence the opposition to chip flow will be less. Similarly, an increas, 
in side cutting angle will decrease the length of the chip contact, decrease ¢| 
average thickness of the chip, and reduce the opposition to chip flow. — Increas: 
in side-rake angle and back-rake angle both have the effect of decreasing th: 
magnitude of the built-up edge, thus lowering the opposition to chip flow. Thy 
lesser effect of an increase in back-rake angle (as compared with side-rak 
angle) is a further indication that the true rake angle effective in metal cutting 
lies in a direction parallel to the chip flow. 

The authors make no mention of the condition of the upper surface of th 
tool in the vicinity of the cutting edge, but we assume that care was taken t 
obtain a uniformly smooth condition for all test cuts. The degree of smooth 
ness of this surface is an important factor in determining the magnitude of th 
built-up edge produced while cutting, and thus would considerably affect the 
tool temperature in any given case. 

In describing the use of the tool-work thermocouple, the authors mention 
that the work material in contact with the tool has been subjected to plastic 
flow and thus differs in structure from the original test log. In view of this 
fact the electromotive force generated per degree rise in temperature will vary 
with the extent of plastic flow, or deformation, in the chip. As the degree o! 
deformation will vary under different cutting conditions (1. e., with different 
tool angles, cutting speed, etc.) it-would appear necessary to investigate cart 
fully the relation between plastic flow and rate of generation of electromotive 
force with temperature. The authors state that in calibrating the tool-work 
thermocouple the tool was clamped to a piece of the work material, but the) 
do not indicate that any attempt was made to isolate the effect of the degre 
of work deformation. Further information in this connection would be ot! 
interest. This paper is a useful addition to the literature of metal cutting 

Written Discussion: By W. H. Oldacre, director of research and eng) 
neering, D. A. Stuart and Company, Chicago. 

It is our privilege and pleasure at very frequent intervals to congratulate 
Professor Boston and his associates on the published results of their investiga 
tion of the cutting of metals. The present paper is of outstanding interest to us 
as manufacturers of cutting lubricants. The question as to whether cutting 
fluids function as lubricants or coolants is still an open one, although the U. > 


10. W. Boston and W. W. Gilbert, “Life of Turning Tools as Influenced by Shap 
TRANSACTIONS, American Society for Metals, Vol. XXII, No, 6, June, 1934. 
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ment is at present collecting a tax of four cents per gallon on the 
tion that they are lubricants. 
Ve trust that Dr. Boston will continue his good work and give us data 
ng the effect ot lubricants on these operating temperatures as detet 
| hy the method described in this paper. 
Written Discussion: By Edward G. Herbert, West Didsbury, Man 
r, England. 
| have read this paper with interest and would like to congratulate the 
rs for their work. This is a subject in which I have been keenly inter 
but for a good many years my activities have been engaged in other 
ctrons. 
[he only point that really surprised me was the form of the calibration 
ve | have made a good many tests, with Stellite and various tool steels 
rainst mild steel, and, so far as I can remember, they all were parabolic with 
apex within the working range. This was a nuisance. You have been 
rtunate or clever in selecting your thermocouple. 
| am also interested in the hump at low speeds. I have done a great deal 
work with very light cuts, and have always gotten a hump much more pro 
nounced than that of the present writers. I attributed it latterly to some effect 
temperature on the built-up edge formation. The authors appear to have 
me to a similar conclusion. At my lowest speed with very light cuts, | 
found no built-up edge, and the tool blunted very quickly without that protection. 
When I set about measuring cutting temperatures, | had a definite objective 
in view. It was to prove what few engineers or workmen believed at that time, 
hat any tool which is cutting to capacity, whether cutting dry or flooded with 
oolant, continuously or intermittently as in a file cutting machine, is hot, very 
entior hot, approaching the softening temperature of the steel. Consequently, to find 
lastic anything that really matters about the properties of tool steel, it must be tested 
f this hot. That was my gospel, and, as usual, it fell on deaf ears. When I invented 
the tool-work thermocouple, I did not suppose it could give any information 
ibout cutting conditions which could be obtained in other and simpler ways. | 
am not quite sure that it can. 


Authors’ Closure 


(he authors appreciate Mr. Oldacre’s contribution questioning whether cut 
fluids should be classified as coolants or lubricants. In this paper, no 
utting fluids were used, the metal being cut dry. In future tests, however, it 
planned to include cutting fluids in the program. By determining the tool 
temperature and forces, it is hoped to determine the cooling and lubricating 
properties of various types of cutting fluids. 
tulat Mr. Ernst made an interesting interpretation of tool temperatures when 
he stated that the temperature of the tool depended, to a great extent, upon 
he size and condition of the built-up edge. It might be true that the higher 


stiga 


mperatures are associated with larger built-up edges. By reducing the thick 
g ] y 


s of the chip, or by increasing the rake angle, the built-up edge is smaller 


the temperatures are lower. Further study should be made to correlate 
se factors, however. 
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Mr. Ernst also stated that the temperature may be used as a crit: 


the life of tools. This is not true in all cases. The life of a cutting ¢ 


depend primarily on temperatures, but also consists of a combination 
temperature and abrasion. By referring to Fig. 6, it has been shown ¢ 
minimum tool temperatures were obtained with the larger side-rak¢ 
40-degree side-rake producing the minimum temperature. However, 
the abrasive action on the sharp cutting edges, a smaller cutting ang|: 
degrees side-rake produced the maximum tool life, even though the te: 
tures were higher than for the 40-degree rake-angle. 

All the tools were ground with the same grinding wheel and wer 
honed -after grinding. The authors assumed all surfaces of the tools to | 
the same surface finish. 

Since the authors feel that the temperatures recorded with the tool-wor 
thermocouple may be influenced by the change of electrical characteristics 


; 
i 


the deformed metal ahead of the cutting tool, it is planned to extend these tests 
using a different type of tool to measure these temperatures. This tool con 
sists of two separate pieces of unlike materials combined to form the cutting 
edge. In this way, the material being cut will not be used as a part of the 
thermocouple, and numerous calibrations of the tool and work can be eleminated, 





\LLOYS OF IRON AND MANGANESE—PART XIII 
e Constitution of the Binary Alloys of Iron and Manganese 
KF. M. WALTERS, JR., AND Cyrit. WELLS 


Abstract 


This paper summarises the observations previously 
reported on the low manganese alloys and discusses thev 
hearing on the constitution of the alloys. 

The high manganese alloys have been studied furthe 
hy microscopic and X-ray examination after heat treat 
ment. An equilibrium diagram is proposed. 


HIE iron-manganese system has been studied by Levin and 
- Tammann (1),' Rumelin and Fick (2), Dejean (3), Hadfield 
1). Bain (5), Sehmidt (6), Ohman (7), Osawa (8), Ishiwara (9), 
and Gayler (10). Most of these investigations failed to reveal the 
constitution of the binary alloys because of the impossibility, at the 
time they were made, of preparing anything like pure alloys. ‘The 
development of the high frequency induction furnace has made pos- 
sible the purification of manganese by distillation and the prepara 
tion of alloys free from contamination by gases. 

\nother factor tending toward the elucidation of the 1ron-man- 
ganese system was the application of X ray technique to the deter- 
mination of the phases present in metals and alloys. Westgren and 
Vhragmen (11) and Bradley (12) established the existence of the 
three polymorphic modifications of manganese, Schmidt (13) discov- 
ered the epsilon phase in the low manganese alloys, and Ohman (8) 
evolved from X-ray observations the first diagram. (Fig. 1) 

From a series of carefully prepared alloys, Gayler arrived at a 
liagram (Fig. 2) similar to that of Ghman, but differing from it in 
many details. This diagram was based on thermal analysis and 
microscopic examination and the phases present in heat treated 


specimens were determined by X-rays. 


‘The figures appearing in parentheses refer to the bibliography appended 


\ paper presented before the Sixteenth Annual Convention of the Society 
eld in New York City, October 1 to 5, 1934. Dr. F. M. Walters, Jr., formerly 
‘sociated with Metals Research Laboratory, Carnegie Institute of Technology, 
; now associated with the research department of the Youngstown Sheet and 
lube Co., Youngstown, Ohio. Cyril Wells is associated with the Metals Re 

irch Laboratory, Carnegie Institute of Technology, Pittsburgh. Manuscript 
eceived July 2, 1934, 
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It is generally agreed that the following phases occur ; 






binary iron-manganese system: 


1. Alpha iron solid solution. Body-centered cubic. 







2. Gamma iron solid solution. A face-centered cubic 


ture in which manganese atoms may replace up to 70 
per cent of the iron atoms. 
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Fig. 1—Iron-Manganese Diagram Proposed by Ohman 


and Based on X-Ray Observations. 








Delta iron (high temperature alpha iron), 


}. Epsilon solid solution. A hexagonal close packed phasi 










which exists over a limited composition range and only 
below 300 degrees Cent. (570 degrees Fahr.). 

5. Gamma manganese solid solution. The high temperature 
manganese phase when quenched has a_face-centered 
tetragonal structure, the axial ratio of which increases 
from 0.93 for manganese to 1.00 at about 70 per cent 
manganese, at which concentration it is indistinguishable 
by X-rays from gamma iron solid solution. 

6. Beta manganese solid solution. A complex cubic phase 





with 20 atoms in a unit cell. 


/. Alpha manganese solid solution. The low temperature 








manganese phase is a complex cubic phase with 58 
atoms in the unit cell. 





The complex structure of the alpha phase explains why man- 
ganese is one of the few metals which is not soft (relatively) when 
pure. 


ALLOYS OF IRON AND MANGANES|! 


[he present investigation presents (a) a discussion of the data 
ned from the various studies on the low manganese binary alloys 
their bearing on the constitution of the alloys, and (b) an equi 
um diagram for the high manganese alloys based on microscopic 
X-ray examination after appropriate heat treatment of the 


iry alloys. 





<0 40 60 80 700 
Weight Per Cent Mangenese 


Fig. 2—Iron-Manganese Diagram Proposed by Gayler on the Basis of 
(Thermal Analysis and Microscopic Examination. 


The alloys discussed in this paper were prepared from vacuum- 
melted electrolytic iron and manganese purified by distillation and 
were melted in chemically pure magnesium oxide crucibles under an 
atmosphere of purified argon. (14) 


low MANGANESE ALLOYS 


(he constitutional diagram given in Fig. 3 is based on dilato- 


inetric observations on homogenized alloys (15). Thermal analysis 


(16), X-ray analysis (17), microscopic examination (18), thermo- 
magnetic analysis (19), and the variation of electrical resistance with 
temperature (20) gave results consistent with the dilatometric data. 
in obtaining the diagram fairly rapid rates of heating and cooling 
6 and 12 degrees a minute) were used, but it is believed that the 
end of the alpha to gamma transformation and the beginning of the 
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gamma to alpha transformation are fairly definite since thes: 
peratures are little affected by rates of heating and cooling. 
The effect of manganese is to lower the temperature . 








alpha-gamma transformation. The temperature of the transf 2 ul 
tion on cooling is lowered to a greater extent than the transforma ra 
tion on heating, so that in a 13 per cent manganese alloy the trans- : 
7600 E 
ing 
ree 
diffe 
(10. 
cold 
oree 
of tl 
Per Cent Mengenese 
Fig. 3—Iron-Manganese Diagram. The Low Manganese End is Based 
on Dilatometric Observations, the High Manganese End is Based on Micro gam 
scopic and X-Ray Examination of Quenched Alloys. The Delta Region and ; 
the Solidus-Liquidus are Redrawn from Gayler’s Data (10). : deg 
iS IF 
formation is complete at 640 degrees Cent. (1185 degrees Fahr.) ma 
on heating, while on cooling, alpha does not begin to form until a half 
temperature 150 degrees Cent. (300 degrees Fahr.) is reached. With pan 
alloys containing more manganese, the temperature at which gamma atin 
transforms to alpha is lowered below that at which gamma trans- ba te 
forms to epsilon, and the alpha-gamma transformation is no longer 3 
observed in alloys subjected to thermal treatment alone. 
= 
SOLUBILITY OF MANGANESE IN ALPHA [RON sur 





The solubility of Mn in a Fe is difficult to determine because o! 
experimental difficulties, since the rate of diffusion of manganese is 
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slow at temperatures below 500 degrees Cent. (930 degrees 
hr 


X-ray evidence* points to a much higher value of the limit of 


Spee 


ubility than that proposed by other investigators (7). The lattice 
rameter of the alpha solid solution (Fig. 4) increases with increas- 
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Fig. 4—-Lattice Parameters of Alpha Iron. 













ing manganese in alloys which have been homogenized at 1300 de- 
grees Cent. (2370 degrees Fahr.) and quenched. These values 
differ little from those obtained after annealing at 550 degrees Cent. 
(1020 degrees Fahr.) to relieve strains. The 7.2 per cent alloy when 
cold-worked and soaked for 4 days at 500 degrees Cent. (930 de- 
grees Fahr.) gave a parameter which differed but little from that 
of the alloy quenched from 1300 degrees Cent. (2370 degrees Fahr.). 


THE EpsIton PHASE 












Within a composition range of 10 to 30 per cent manganese, the 
gamma solid solution on cooling, transforms to epsilon at about 170 
degrees Cent. (340 degrees Fahr.). The transformation to epsilon 
is incomplete; with less than 16 per cent manganese, alpha is formed 
as well, in the 16 and 20 per cent alloys, when homogenized, about 
half of the gamma transforms to epsilon, while with higher man- 
ganese the amount of epsilon decreases. The 16 and 20 per cent 
alloys are completely transformed to epsilon by cold working, and it 
is believed that the application of pressure would produce the same 


"The X-ray data here presented were obtained by means of a Sachs’ back reflection 
umera (21). Chromium radiation from an electron tube was used except in two cases 
in which iron radiation was employed to check the identification of the lines. The ex- 
posures were made on duplex film and the diameter of the circles was measured to 0.01 
nillimeters. The distance from specimen of film were from 70 to 110 millimeters and 
vere measured to 0.025 millimeters. The observations were not corrected for film shrink- 
e except in a few cases. The accuracy of the data depends upon the character of the 
nes; those of alpha iron and the gamma phase were wide, while those of alpha and beta 
manganese were sharp and gave measurements which were in good agreement. 
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result since the formation of epsilon from gamma is accompa 
a decrease in volume. 


On heating, epsilon transforms to gamma at about 200 


ol 
Cent. (390 degrees Fahr.). The epsilon-gamma_ reaction Ws 
much less hysteresis than the alpha-gamma_ transformation a1 
alloy of the same composition. The two phase region is narr: 10 


degrees Cent.) for the homogenized alloys, when compared with th 
alpha-gamma transformation range. 

While the discussion so far has assumed that epsilon is f, 
from gamma on cooling and transforms to gamma on heating. th: 
results of thermomagnetic analysis indicate that there may be an 
interaction between alpha and epsilon. This conclusion is based on 
the assumption that epsilon is nonmagnetic regardless of the map- 
ganese content. However, it does not necessarily follow that becaus: 
epsilon which contains 16 per cent or more manganese is not mag 
netic, that the epsilon which contains 10 per cent is also nonmagnetic 

The nature of the epsilon phase has been a matter for sony 
speculation; since its discovery it has been described as a transition 
phase (7, 22) and as an intermetallic compound formed by a peritec- 
toid reaction. (9) 

The view that epsilon is formed by a peritectoid reaction is 
strengthened if the thermomagnetic observations are assumed to 
prove an interaction between epsilon and alpha. The validity of the 
peritectoid reaction would be difficult to establish because of the 
impossibility of establishing equilibrium at the relatively low tempera 
tures involved. 

The hypothesis that epsilon is a transition phase like martensite 
seems unlikely because of nearly perfect reversibility of the reaction 
and in view of the fact that in alloys containing 16 per cent or more 
manganese, epsilon has never been observed to transform to anything 
but gamma. 

The opinion of the authors is that the gamma solid solution for 
certain compositions decomposes to a hexagonal close-packed lattice 
instead of a body-centered cubic lattice. Of the two modes of decom 
position, that to the hexagonal close-packed requires less movement 
of the atoms (22) and is accompanied by a decrease in volume instead 
of an increase. The fact that the 13 per cent alloy can be made to 
transform either to epsilon or to alpha by heat treatment is sugges- 
tive of this point of view. Additional evidence is to be found in the 
effect of cold work in increasing the amount of epsilon. (15) 
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The microstructure accompanying the formation of epsilon is 
irked by its sharp definition as compared with the microstructure 
sulting from the decomposition of gamma to alpha. This differ 
ce is to be accounted for in part by the fact that the formation of 
silon is accompanied by a decrease in volume, while the formation 
f alpha is accompanied by an increase in volume with its distorting 

effect on the structure. Another factor in producing the martensitic 

npearance in the 7 per cent alloy, Fig. 5, is the nearly complete 
transformation to alpha, while in the 16 per cent alloy, Fig. 6, about 
half of the gamma is retained. A third cause of this difference is 
to be found in the austenitic grain size, which is definitely greater in 
the 16 per cent alloy. The effect of grain size on the perfection of 
the Widmanstatten pattern is shown by a comparison of two photo- 
eraphs of the 13 per cent alloy. Fig. 7 shows the disordered struc- 
ture resulting from cooling from above A,, while Fig. 8 shows the 
structure resulting from cooling from a temperature high enough to 
develop gamma grains comparable in size with those of the 16 per 
cent alloy shown in Fig. 6. The Widmanstatten patterns are much 
the same, although in one case alpha is the product of decomposition, 
and in the other, epsilon. However, the Widmanstatten patterns of 
the gamma-epsilon transformation are invariably more perfect than 
those resulting from the gamma-alpha transformation. 

The difference of structure between alloys partially transformed 
from gamma to epsilon and those transformed from gamma to alpha 
may also be explained by the difference of the Widmanstatten 
mechanism involved. 

= In both gamma to alpha and gamma to epsilon transformations 
oon the octahedral planes of the gamma phase are planes for precipita- 
= tion. In the former case the alpha phase is built in such a way that 
os its 1 1 O planes, having only approximate hexagonal symmetry, are 
parallel to the 1 1 1 planes of the gamma phase, and therefore con 
wor siderable atom shift is required during the transformation; while in 
ruice the latter case the epsilon phase is built so that the basal planes of 
-_ the epsilon hexagonal prism, having hexagonal symmetry, are par- 
vent allel to the octahedral planes of the gamma phase, also having hexa- 
gonal symmetry, requiring no change in pattern during the trans- 
formation. 


Further there are 24 possible orientations of alpha that may 


form from a single grain of gamma during the gamma to alpha trans- 
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a 2 Per Cent Manganese. Furnace-Cooled from 1100 Degrees Cent. 


2250. 


. Pie 616.0 Per Cent Manganese. Furnace-Cooled from 750 Degrees Cent. 
stitch x 


2250. 


. Fe. ro Per Cent Manganese. Furnace-Cooled from 750 Degrees Cent. 
itch, x 22090, 


_ Big, 813.1 Per Cent Manganese. Furnace-Cooled from 1100 Degrees Cent. 
Etch, x 2250, 


Nital 
Nital 
Nital 
Nital 
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rmation, while only 4 orientations of epsilon are possible during 


vamma to epsilon transformation. 


THe GAMMA PHASE 


Between 30 per cent manganese at which concentration the epsi- 
transformation is no longer observed and 50 per cent at which 
the alpha manganese phase appears, gamma its the only phase which 
has been observed between 1000 degrees Cent. (1830 degrees Fahr. ) 


40 60 
% Manganese 
Fig. 9%—-Lattice Parameters of the Gamma 
Phase. Circles Refer to Data Obtained by Ohman, 
and —180 degrees Cent. (—292 degrees Fahr.). The structure is 
that of a typical solid solution unaffected by transformations in the 
solid state. 

The gamma phase is face-centered cubic up to about 70 per 
cent manganese (Fig. 9). From 70 to 94 per cent alloys quenched 
trom the gamma field are found to be face-centered tetragonal with 
an axial ratio decreasing from unity to 0.93 for manganese. When 
the volumes per lattice point are plotted against composition, a fairly 
continuous curve is observed (Fig. 10). The writers concur in the 
suggestion made by Dr. M. Gensamer that the high manganese 
gamma is a transition phase, and that gamma at temperature is cubic. 
To test this hypothesis definitely it would be necessary to make X-ray 
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observations at temperature, preferably on pure manganese. 

ever, there are indications that this hypothesis is correct. 

gamma, which was retained by alloys cooled from the liquid to 

temperature in about two hours, was found to be cubic and the 
12.8 








40 60 80 700 
% Mangenese 


Fig. 10-—Volume per Lattice Point of the Phases 
Stable at Room Temperature or Retained Quenching 
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50 60 70 80 
Weight Per Cent Manganese 
Fig. 11—Lattice Parameters of Alpha Man- 


anese. Circles Indicate Values Obtained by 
hman, the Squares by Wainwright (10). 


ume per lattice point was greater than if the gamma had come to 
equilibrium with beta in a two-phase field. Further it is difficult for 
the writers to conceive of gamma iron with 72 per cent manganese 
being different in any way from “gamma manganese” with 74 per 
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ent manganese and an axial ratio of 0.999. Persson (23) was unable 
‘o find any evidence for a two-phase region in the copper-manganese 
vstem. Gayler explained the presence of beta manganese in her 


65 per cent alloy quenched from 1100 degrees Cent. (2010 degrees 


6.357 


Parameter of B-Mn Phase, A Units 








20 80 90 100 
Weight Per Cent Manganese 


Fig. 12—Lattice Parameters of Beta Manganese. 
Circles Indicate Values Obtained by Ohman, the 
Squares by Wainwright. 


Fahr.) on the assumption that gamma manganese transformed to 
beta while gamma iron was retained, from which she inferred the 
two-phase region, gamma iron-gamma manganese. The higher the 
manganese the more rapid the quench required to retain the gamma 
phase. The writers believe that since Dr. Gayler failed to retain 
gamma in alloys above 70 per cent manganese, her rate of quenching 
was too slow to retain it completely even in the 65 per cent alloy. 
lf gamma manganese is not tetragonal at temperature, then there is 
no necessity for a two-phase region and it has accordingly been 
omitted from the diagram presented in this paper. 


Heat TREATMENT OF HIGH MANGANESE ALLOYS 


Unlike low manganese alloys, the high temperature phases of the 
high manganese alloys can be retained by quenching, which makes it 
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possible to use microscopic and X-ray methods to determi 
phase diagram of these alloys. 

The heat treatments consisted of heating the alloys to vy: 
temperatures and holding until the alloys were brought to subst 
equilibrium, after which they were quenched and examined n 
scopically, it being assumed that the phases in equilibrium at heat 
treating temperatures were retained. X-ray analyses of the alloys 
treated in this manner were made to identify the phases present and 
to determine their lattice parameters. 

in those cases where it was difficult to retain the high tempera- 
ture gamma phase after heat treatment in the vicinity of its lower 
stability limit, as, for example, in the 84 per cent manganese alloy, 
the lower limit of that single phase region was determined by the 
structural appearance of the alloy when examined under the micro 
scope, for although the phase present at the high temperature could 
not be retained, evidence of its having existed at that temperature was 
present (Fig, 13). 

Before heat treatment the alloys were homogenized. The com 
positions of the alloys used to determine the high manganese end of 
the iron-manganese phase diagram were as follows: 





Per Cent Per Cent 


Alloy No. Carbon Manganese 
A.21 0.02 48.4 
A.25 0.003 55.0 
A.26 0.03 60.4 
A.ll 0.022 67.7 
A.10 wakes 72.4 
A.12 0.012 74.6 
A.13 0.008 84.0 
A.27 0.01 90.0 
A.28 0.015 94.4 


A.14 100.0 





They were protected from oxidation and loss of manganese during 
the homogenizing treatment by means of purified helium at atmos 
pheric pressure. Alloys containing up to, and including, 16 per cent 
manganese were heated at approximately 1300 degrees Cent. (2370 
degrees Fahr.) for 8 hours, which treatment was quite effective, as 
shown microscopically and dilatometrically. Those alloys containing 
from 16 to 67 per cent manganese showed more persistent coring 
and the treatment in these cases consisted of holding the alloys at 
1200 degrees Cent. (2190 degrees Fahr.) for 36 hours. ‘The 
remaining alloys (67 to 95 per cent manganese content) showed less 
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rsistent coring and were treated for only 12 hours at 1200 degrees 
ent. (2190 degrees Fahr.). After homogenizing the alloys were 
irnace-cooled. 

Before homogenizing the alloys containing up to, and including, 


07.7 per cent manganese have been forged. That these alloys can be 


Fig. 13—84.0 Per Cent Manganese Quenched After 20 Hours at 
1150 Degrees Cent. Nital Etch. X 250. 


forged is not surprising since the gamma phase is quite ductile at 
suitable forging temperatures, and from the diagram presented in 
Fig, 3 it is seen that at 1000 degrees Cent. (1830 degrees Kahr.) the 


67.7 per cent manganese alloy contained only gamma and alloys con- 
taining less manganese retained the phase to much lower tempera- 
tures, 


For heat treating the alloys at temperatures below 700 degrees 
Cent. (1290 degrees Fahr.) the specimens were sealed in evacuated 
pyrex containers. At higher temperatures up to 900 degrees Cent. 
(1650 degrees Fahr.) clear quartz was substituted for pyrex, and at 
still higher temperatures the specimens were treated in an atmosphere 
of purified helium or argon. 

In order to measure the temperature, chromel-alumel ther- 
mocouples were used after being calibrated against a Bureau of 
Standards platinum, platinum-rhodium thermocouple. For heat 
treatment of alloys which could be rendered ductile by quenching, 
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Se) 


the hot junction of the thermocouple was hammered into a sa 


cut 
in the quenched alloy, making it possible to measure the tempera‘ ure 
of the specimen accurately and to quench the alloy drastically. [y 


those cases where the alloys were brittle, wire was wrapped around 
the specimen and attached to the thermocouple protection tube. the 
hot junction of the couple being placed close to the specimen. In one 
alloy (84 per cent manganese) it was necessary to use very smal] 
specimens in order to retain the gamma phase even when quenched 
from temperatures between 1200 and 1250 degrees Cent. (2190-2289 
degrees Fahr.). When the alloys were sealed in containers, the 
hot junction of the thermocouple was placed in a similar container 
and the furnace temperature regulated so that the thermocouple in 
the container varied little more than plus or minus 3 degrees Cent. 
during the long time of heat treatment. 

In Fig. 4 each black spot represents the temperature and com 
position of the alloy being heat treated. The times of heat treatment 
are given below. 


Temperature 
Degrees Cent. Time in Hours 
500 500 
550 300 
600 110 
650 250 
675 110 at 650° C then 
110 at 675° C 
675 170 
700 170 
700 110 at 600° C then 
40 at 700° C 
725 50 at 600° C then 
50 at 725° C 
750 170 at 600° C then 
350 at 750° C 
800 500 
900 225 
925 to 1050 12 
1050 to 1250 % 


DETERMINATION OF PHASE LIMITS 


The solubility limit of manganese in gamma iron is close to 55 
per cent at 650 degrees Cent. (1200 degrees Fahr.). This is in- 
dicated by the photomicrograph of this alloy (Fig. 15) which showed 
only a small amount of alpha manganese in a gamma matrix on 
quenching after a soak of 250 hours at 650 degrees Cent. (1200 
degrees Fahr.). A similar structure was obtained in this alloy after 

















» 55 
. in- 
wed 
- on 
1200 


ifter 


ALLOYS OF IRON AND MANGANESE 741 


ng 


-time heat treatments at 500, 600, 650, and 675 degrees Cent. 
930, 1110, 1200, 1250 degrees Fahr.) but after soaking at 700 de- 
rees Cent. (1290 degrees Fahr.) the alloy was a single phase. 


Evidence of a eutectoid structure was obtained in the 67.7 per 


ent manganese alloy. The structure shown in Fig. 16 was obtained 
after heating a specimen of this alloy at 600 degrees Cent. (1110 


400 
40° 50 60 70 80 90 100 
Per Cent Mangenese 


Fig. 14—Circles Indicate X-Ray Observations; Dots, Micro 
scopic Examinations; Squares, Points Determined by Lattice 
Measurements. 

degrees Fahr.) for 110 hours. When this specimen was given a 
further heating of 40 hours at 695 degrees Cent. (1285 degrees 
Fahr.), the structure shown in Fig. 17 was observed. While there 
is evidence of some reaction taking place in the eutectoid at this tem- 
perature, the eutectoid did not disappear. However, on heating to 

degrees Cent. (1340 degrees Fahr.) no eutectoid was observed. 

That the eutectoid temperature is about 695 degrees Cent. (1285 
degrees Fahr.) is confirmed by X-ray observations. After 110 hours 
at 600 degrees Cent. (1110 degrees Fahr.) a specimen of the 67.7 
per cent alloy was principally alpha manganese with a small amount 
of gamma iron. After the further treatment of 40 hours at 695 
degrees Cent. (1285 degrees Fahr.), no beta manganese was ob- 
served, but after 40 hours at 713 degrees Cent. (1315 degrees Fahr.), 
the alpha manganese transformed almost completely to beta man- 
ganese, showing that the specimen had been heated above the eutec- 
toid temperature. It is, therefore, assumed that the eutectoid tem- 
perature occurs at about 700 degrees Cent. (1290 degrees Fahr.), 
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Fig. 1555.0 Per Cent Manganese. 36 Hours at 1200 Degrees Cent. Followed by 
250 Hours at 650 Degrees Cent. Nital Etch. x 1500. 

Fig. 16—-67.7 Per Cent Manganese. Quenched After 110 Hours at 600 Degrees 
Cent. Aqua Regia Etch. X 2000. 

Fig. 17—-67.7 Per Cent Manganese. 110 Hours at 600 Degrees Cent. Followed by 
40 Hours at 695 Degrees Cent. Nital Etch. x 1500. s 
18—-67.7 Per Cent Manganese. 12 Hours at 925 Degrees Cent. Nital Etch 


Fig. 
xX 250. 
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Fig. 19—94.4 Per Cent Manganese. Quenched 
Cent. Aqua Regia Etch. Xx 1500. 
Fig. 20-—-94.4 Per Cent Manganese Quenched After 12 Hours at 1175 Degrees Cent 


lhen Quenched After % Hour at 1150 Degrees Cent. 


{INGANESE 


After 12 Hours at 


Aqua Regia Etch. 


Fig. 21—94.4 Per Cent Manganese. Quenched After 15 Minutes at 


Cent. Nital Etch. x 1500. 


1175 Degrees 


1500, 
1150 Degrees 
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which is 100 degrees Cent. higher than the temperature gi, 
Gayler and 25 degrees Cent. lower than that given by Ohman. 

Additional evidence that the eutectoid transformati 
definitely higher than 600 degrees Cent. (1110 degrees Fahr. ) 
furnished by dilatometric observations on the 67.7 per cent alloy. ‘The 


1S 


as 


alpha to beta transformation on heating began at 715 degrees Cent. 
(1320 degrees Fahr.) and the reverse transformation could be induced 
at 645 degrees Cent. (1195 degrees Fahr.). The alpha to beta trans- 
formation was slow, but considerably faster than the beta to alpha. 

To determine the upper limit of the beta phase in the 67.7 per 
cent manganese alloy, it was heated for 12 hours at various tem- 
peratures above 850 degrees Cent. (1560 degrees Fahr.) at 25 de- 
grees Cent. intervals, and the presence or absence of two phases was 
noted. It was found that this alloy showed only a single phase at a 
temperature between 950 and 975 degrees Cent. (1740-1790 degrees 
Fahr.). That only a small amount of a second constituent remained 
in the alloy after heat treatment at 950 degrees Cent. (1740 degrees 
ahr.) is shown in Fig. 18. 

For some reason it was more difficult to retain the gamma man- 
ganese phase in the 84.4 per cent alloy by quenching than in any 
other. In general, after quenching from temperatures even as high 
as 1200 degrees Cent. (2190 degrees Fahr.) in water, ice brine or 
oil, or by using special technique to insure very rapid quenching, 
the alloy remained brittle and could be powdered quite easily at room 
temperature. On heating this alloy to 1250 degrees Cent. (2280 
degrees Fahr.) evidence of fusion spots occurred at the grain bound- 
aries. Apart from these, the alloy was completely gamma manganese. 

The evidence for the two-phase region beta-gamma at 94.4 per 
cent manganese is given in Figs. 19, 20, and 21. This alloy, heated 
into the gamma region, brought to substantial equilibrium and 
quenched gave the structure shown in Fig. 19; brought to substantial 
equilibrium in the gamma phase field, cooled into the two-phase re- 
gion and quenched gave the structure shown in Fig. 20; heated just 
inside the gamma field and quenched gave the structure shown in 
Fig. 21. It is interesting to note that the alloy having these struc- 
tures was malleable in each case. That alloys containing considerable 
beta manganese, as shown by X-rays in this alloy quenched from 
1100 degrees Cent. (2010 degrees Fahr.), should be malleable 1s 
rather surprising. In Fig. 21 the predominating constituent is thought 
to be beta manganese and it, too, is malleable. 
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To determine the transformation temperature in pure man- 
nese, small pieces of distilled manganese were heated to various 
mperatures in an inert atmosphere for 15 minutes and drastically 
uenched. The specimens quenched from 743 degrees Cent. (1370 

degrees Fahr.) and above showed only beta manganese by X-ray 
analysis, and that quenched from 733 degrees Cent. (1350 degrees 
ahr.) showed only alpha manganese. Thus it was assumed that 
the gamma-beta transformation occurs between 733 and 743 degrees 
Cent. (1350-1370 degrees Fahr.) which agrees with the value which 
Gavler (24) obtained by thermal analysis. It was not found possi- 
ble to retain the gamma phase in distilled manganese even with the 
most drastic quench; only beta was observed when distilled man- 
eanese was quenched from the melting point. 
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Written Discussion: By Dr. Marie Gayler, Teddington, England. 

Dr. Gayler wrote that the paper summarized the results contained in those 
previously published by the authors and their colleagues. Unfortunately, the 
equilibrium diagram proposed by them was not satisfactory, for they state 
that the “delta-region and the solidus and liquidus are re-drawn from Gayler’s 
data.” Comparing this with her diagram, given in Fig. 2, it will be seen that 
the peritectic horizontal lying between 65 and 74 per cent manganese at a 
temperature of 1270 degrees Cent. (2320 degrees Fahr.) has been deleted. 
The solidus of Fig. 3 differs materially, therefore, from that of Fig. 2. 

The authors state that they are of the opinion that the gamma-manganese 
phase is a transition phase and that only experimental evidence could confirm 
that view. She, (Dr. Gayler), considered that X-ray analyses at high temper- 
atures were essential but she, herself, had made a very careful examination of 
alloys annealed and quenched from high temperatures,’ analyzing the actual 
specimen in order to be definitely sure of its composition, and found that there 
was a definite change in direction of the solubility limit of the manganese-rich 
phase in gamma iron, and vice versa, above and below the temperature of 1028 
degrees Cent. (1885 degrees Fahr.). This change of slope occurs at the same 


‘Gayler, Journal, Iron and Steel Institute, Vol. 128, 1933, p. 293. 
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mperature in either case and is strong evidence in favor of an invariant reac- 
1 at the temperature of 1028 degrees Cent. (1885 degrees Fahr.). This has 
een referred to in her reply to the correspondence by the authors on her paper 
fhe Alloys of Iron and Manganese,” and their explanation of the gamma- 
‘anganese phase does not explain her experimental results. 

She quite agrees that her rate of quenching was too slow to retain the 
camma-manganese phase by quenching, but the experimental conditions were 
such that severe quenching was not possible. In order to ensure purity of the 
alloys, the specimens were placed in small alumina pots in quartz bombs when 
the quenching temperature was high: the authors do not seem to have taken 
such precautions. Her photomicrograph of an alloy containing 82.9 per cent 
manganese quenched from 1170 degrees Cent. (Fig. 33) may be compared with 
that of Fig. 13 of their paper, showing an alloy containing 84 per cent man- 
ganese, quenched from 1150 degrees Cent. (2100 degrees Fahr.). In both cases, 
more definitely in her specimen, there is evidence that the quenching has not 
been severe enough to suppress a transformation. Neither structures are indic- 
ative of the fact that a 2-phase region existed at the temperature of quenching, 
but rather that some phase transformation has not been suppressed. In her 
diagram (Fig. 8) the dotted lines refer to the possible existence of this trans- 
formation, based on experimental facts, which the present authors draw in their 
diagram, Fig. 3, with full lines. 

As she has previously stated in her reply to the authors’ discussion on her 
paper, she does not feel that the authors’ photomicrograph, Fig. 16, proves the 
existence of the beta manganese eutectoid decomposition, particularly as she 
has shown (in her reply) that traces of impurity are sufficient to account for 
the existence of eutectoid structure, and the authors do not seem to have an- 
alyzed their specimen after heat treatment. Furthermore, it seems remarkable, 
particularly in view of the fact that reactions in the solid occur readily in 
manganese-rich alloys, that 110 hours at 600 degrees Cent. (1110 degrees Fahr.) 
has not caused any sign of spheroidization of the structure. Also Fig. 17 is 
unconvincing. 

Fig. 20 shows, however, that either the quenching is not severe enough to 
suppress a transformation, or that separation of a second phase occurs at the 
temperature of quenching. Fig. 21 is difficult to interpret; while Fig. 19 ap- 
pears to be a homogeneous twinned structure Figs. 19 and 20 are characteristic 
of the pure beta manganese phase quenched from high temperatures.’ She 
(Dr. Gayler) has also noted that pure manganese quenched from temperatures 
about 1000 degrees Cent. (1830 degrees Fahr.) is much softer than alpha- 
manganese, which cencurs with the authors’ experience in the above case. 

J. B. Austin*®: I would like to ask Dr. Walters if he has any dilatometric 
determinations of the transformation points in the pure manganese. 

Dr. Watters: No. Pure manganese is so brittle that it could not be 
used in our dilatometer. 


Authors’ Reply 


The authors wish to thank Dr. Gayler for her discussion of their paper. 


*Gayler, Nature, Vol. 124, 1929, p. 840. 
*Research Laboratories, U. S. Steel Corp., Kearny, N. J. 
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They regret, however, that she has presented no new evidence in support . 
diagram and has confined herself to pointing out possible sources of er: 
their work. The chief points of difference in the diagram were dealt wit 
the authors a year ago in their discussion of Dr. Gayler’s paper “The C 
tution of the Alloys of Iron and Manganese.”* 

The diagram of the authors differs from that of Dr. Gayler chiefly in 
treatment of the gamma-manganese phase and in the temperature of the alpha 
manganese-beta manganese field. 

Dr. Gayler says that her evidence for the peritectic reaction is based on 
(1) the determination of the liquidus and the solidus, and (2) the microscopi 
examination of specimens quenched from the solid state. In Fig. A is shown 
the interpretation placed by Dr. Gayler on her data (Fig. 5 of her paper) and 
in Fig. B the authors have drawn the solidus and liquidus lines as nearly 
through her points as possible in order to give smooth curves and indicate the 
liquidus above the solidus. It is evident that the lines drawn in Fig. B agree 
better with the data than those drawn in Fig. A. 

Dr. Gayler’s microscopic evidence for the gamma-iron—gamma-manganese 
field is that her alloys quenched from the gamma field contained gamma-iron 
and beta-manganese. She makes the assumption that gamma-manganese trans- 
formed to beta-manganese while the gamma-iron did not. The authors have 
pointed out that there was no difficulty in retaining the gamma state completely 
after rapidly quenching alloys having such compositions and temperatures that 
they should according to Dr. Gayler be in the gamma-iron—gamma-manganese 
field. If the quench is slow enough, the formation of the beta phase occurs 
preferentially at the grain boundaries in a homogeneous alloy; otherwise it will 
occur at those parts of the alloy which are higher in manganese. The authors 
did not find the “definite change in direction of the solubility limit of the man- 
ganese-rich phase in gamma-iron and vice versa above and below 1028 degrees 
Cent.” to which Dr. Gayler refers. 

Moreover, if the two-phased field, gamma-iron-gamma-manganese exists 
and the lintits are those set by Dr. Gayler, then the authors’ 67.7 per cent alloy, 
if brought to equilibrium at 1150 degrees Cent. (2100 degrees Fahr.) and 
quenched so as to retain completely the high temperature phase, should show 
on exposure in the back reflection X-ray camera used by them a separation 
of the order of 3.5 millimeters in the (311) reflection of the gamma phases. 
No such separation was found for a specimen held for 12 hours at 1150 degrees 
Cent. (2100 degrees Fahr.). 

The difference in the temperature limits of the two-phased region, alpha- 
manganese—beta-manganese, the authors believe to be due to the failure of Dr 
Gayler to recognize the extreme sluggishness of this reaction. She was sur- 
prised that Ohman found that her alloys slowly cooled from 1200 degrees Cent. 
(2190 degrees Fahr.) were in the beta-manganese state at room temperature 
(see her reply to the discussion on her paper).* The heat treatment of her 
alloys between 65 and 95 per cent at 700 and 650 degrees Cent. (1290 and 1200 
degrees Fahr.) was such as to retain the beta phase of her homogenized speci- 
mens. The authors’ specimens were transformed to the alpha state before the 


4M. L. V. Gayler, Journal, Iron and Steel Institute, No. 11, 1934. 
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heat treatment which was made to determine the temperature at which the 
alpha-beta transformation takes place. Mr. Wainwright found Dr. Gayler’s 84 
per cent specimen, heat treated at 650 degrees Cent., to be in the beta state. 
The authors found their 84 per cent specimen, heat treated at 650 degrees Cent., 
to be in the alpha state. The authors’ specimen quenched from the gamma 
field was chiefly gamma before being held at 650 degrees Cent. for 250 hours. 
On the other hand, Dr. Gayler’s sample which was in the beta state before 
heat treatment was annealed at 700 degrees Cent. for 72 hours, taken to 650 
degrees Cent. and quenched after 15 minutes at temperature. Such a procedure 
does not induce the alpha state in an 84 per cent manganese alloy. All of the 
authors’ data show that alpha-manganese is stable up to about 700 degrees 
Cent. (1290 degrees Fahr.). 


In response to Dr. Gayler’s suggestion made a year ago that the eutectoid 
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structure displayed by the authors’ 67.7 per cent alloy was due to nitrog: 
authors tested the specimen for nitrogen in spite of the fact that the n 
graphic appearance of this eutectoid structure is quite different from that 
nitrogen eutectoid which they have observed associated with nitride ; 
in manganese melted under nitrogen. No nitrogen was found in this y 
The authors have shown much evidence for the 700 degrees Cent. (129) de 
grees Fahr.) eutectoid in addition to that furnished by the photomicrograph 

In heat treatment the authors took the precautions necessary to preserve the 


it 


i Les 


purity of their alloys. In the final experiments the specimens were placed on 
blocks of chemically pure magnesium oxide and were heated in argon at atmos- 
pheric pressure. The argon contained less than 30 parts per million of impuri 
ties. The authors judged from the small amount of discoloration present on the 
refractory tube and support that the loss in manganese was negligible. Their 
conclusions were based on observations made at the center of the specimen 
The authors are somewhat puzzled by the results of the chemical analysis oj 
Dr. Gayler’s specimen. Her ingots were sufficiently homogeneous, since the 
top and bottom differed by about 0.1 per cent manganese. However, her alloy 
70S, for example, contained 69.27 per cent manganese in the ingot. A specimen 
of this alloy contained 66.1 per cent manganese after the following heat treat 
ment: one hour at 1000 degrees Cent. (1830 degrees Fahr.), three hours to cool 
to 850 degrees Cent. (1560 degrees Fahr.), quenched after two hours at 850 
degrees Cent., and then heated at 710 degrees Cent. for two days. However, 
a specimen heated for three days at 700 degrees Cent. contained 71.1 per cent 
manganese, a gain of 1.83 per cent in manganese. The loss in manganese 
in the first instance is a little high (13.5 per cent of the original man- 
ganese content) but understandable. The authors are unable to formulate a 
theory to explain the gain in manganese found in Dr. Gayler’s 700 degrees Cent. 
treatment. Out of 56 analyses after heat treatment, five show an increase in 
manganese of between 1 and 2 per cent, while three show an increase of more 
than 2 per cent. The value of such analyses seems open to question. Further, 
even changes of composition due to heat treatment as great as found by 
Dr. Gayler would not account for the differences between Dr. Gayler’s and 
the authors’ diagram, especially with reference to the possible existence of a 
gamma-iron-gamma-manganese field. 

Dr. Gayler says of the authors’ photomicrographs, “Figs. 19 and 20 are 
characteristic of the pure beta-manganese phase quenched from high tempera- 
tures.” The authors, in identifying the phases shown in these photographs, did 
not rely on the appearance of the phases under the microscope but observed 
from X-ray studies of the metallographically prepared surfaces, used micro- 
scopically, that after the 1175 degrees Cent. quench only gamma was present 
and that after the 1150 degrees Cent. quench the specimen was principally 
gamma with some beta. The authors have found an extensive use of X-ray 
methods very helpful in the elucidation of the constitution of the high 
manganese alloys. 
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ALLOYS OF IRON, MANGANESE AND 
CARBON—PART XIV 


lron-Carbon Alloys Containing Seven Per Cent Manganese 
By Cyrit WELLS AND F. M. WALTERs, JR. 


Abstract 


Pure iron-manganese-carbon alloys containing ap- 
proximately 7 per cent manganese and varying carbon be 
tween 0.02 and 1.25 per cent have been studied and a 
constitutional diagram has been drawn. 

The alloys, brought to substantial equilibrium at vari- 
ous temperatures, were quenched and subsequently ex 
amined under the microscope. 


INTRODUCTION 


APERS referring to the 2.5, 4.5, 10.0, and 13.0 per cent man- 

ganese sections of the ternary diagrams for alloys of iron, man- 
ganese, and carbon have already been published by the Metals 
Research Laboratory (1), (2).' | The present paper relates to the 7 
per cent manganese alloys containing carbon between 0.015 and 1.22 
per cent, and, in general, the results on these pure iron-manganese- 
carbon alloys are substantially the same as those reported by Bain, 
Davenport, and Waring (3) in their studies of similar alloys, but 
only of commercial purity. 


EXPERIMENTAL PROCEDURE 


Alloys used for the present study were made by remelting to- 


gether under argon and in pure magnesia crucibles pure alloys of 


iron, manganese and carbon (4) from previous investigations. 

The ingots obtained, which were about 3.5 inches in diameter, 
were reduced 95 per cent or so by forging to give rods approximately 
0.5 inch in diameter. These alloys were then heated to 1150 degrees 


'The figures appearing in parentheses refer to the bibliography appended to this paper. 


Of the authors, F. M. Walters, Jr., is associated with the research depart- 
ment of the Youngstown Sheet and Tube Co., Youngstown, Ohio, and Cyril 
Wells is associated with the Metals Research Laboratory, Carnegie Institute 
ol Technology, Pittsburgh. Manuscript received July 24, 1934. 
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Cent. (2100 degrees Fahr.) for twelve hours in pure argon in o 
to make them homogeneous. Argon was used to prevent decarbu 
tion and to limit oxidation and loss of manganese. The p! 
micrograph in Fig. 1 shows the uniform distribution of carbon in a 
quenched alloy which had received a further heat treatment of 96 
hours at 640 degrees Cent. (1185 degrees Fahr.) in addition to the 
above severe preliminary heat treatment. 

The compositions of these alloys after the above treatment are 
given in Table I: 






Table I 
Analysis Made on Homogenized Alloys 


Alloy Manganese —Carbon— 
No. End Center Average End Center Average 
A.2 een 7.29 7.23 0.012 0.015 0.013 
A.63 7.06 7.12 7.09 0.16* 0.08 0.12 
A.29 7.39 he wipes 0.39 cae Sess 
A.62 7.08 7.16 7.12 0.73 0.76 0.75 
A.61 7.14 7.16 7.15 0.94 0.95 0.95 
A.60 7.14 7.18 7.16 


1.20 1,23 1.22 


"Specimens from “end’’ used in crucial experiments. 









DETERMINATION OF UPPER AND LOWER LIMITS OF THE AUSTENITE- 
FERRITE-CARBIDE FIELD 


The method of determining the upper limit of the three-phase 
field (upper A,) consisted of observing the maximum temperature at 
which pearlite was found in the hypereutectoid alloys and at which 
carbide or pearlite was found in hypoeutectoid alloys brought to 
equilibrium by suitable heat treatments. In hypereutectoid alloys the 
lower limit was determined by noting the maximum temperature at 
which the constituents were entirely excess carbides and pearlite 
after the long heat treatments described below. Because of the dif- 
ficulty, and perhaps the impossibility, of completely decomposing the 
hypoeutectoid austenite into ferrite and carbide, the lower limit of 
the three-phase region was not determined for these alloys. 
Preliminary to the long time heat treatments necessary to bring 
the alloys to approximate equilibrium in the austenite-carbide-ferrite 
field, the alloys were heated to 1050 degrees Cent. (1920 degrees 
Fahr.) to distribute the carbon uniformly in the gamma grains, and 
then cooled to 750 degrees Cent. (1380 degrees Fahr.) in 6 hours to 
allow the alloys high in carbon to come to an approximate equilibrium, 
thus saving time in the subsequent long time heat treatments. 
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Table Il 
Temperature and Time of Heat Treatment 


Temperature 

Degrees Fahr. Degrees Cent. Time in Hours 
720 24 
700 24 
680 48 
660 90 
640 96 
620 120 
600 168 
580 336 
560 720 


Following this treatment specimens were cut from each of the 
alloys and heated in evacuated sealed clear silica or pyrex containers. 
Eight sets of specimens were used, each heated to one of the follow- 
ing temperatures in as short a time as possible (about five minutes ) 
and held there for the length of time given in Table II. 

According to both Bain (3) and the present authors these times 
were sufficiently long for the alloys to come close to equilibrium at the 
various temperatures. 

To determine whether or not alloys brought to substantial 
equilibrium contained pearlite, the specimens were polished and then 


etched with sodium picrate, which stains iron carbides. Usually any 


pearlite present had a laminated appearance, and in this case no dif- 
ficulty was encountered, but in other cases a sodium picrate etch often 
did not give conclusive evidence of the presence or absence of eutec- 
toid, making a modification necessary when studying the hypereutec- 
toid alloys. In these cases instead of etching the polished surface 
with sodium picrate, the surface was first etched with 4 per cent 
nitric acid in ethyl alcohol and afterwards in sodium picrate. That 
this double etching procedure may be used to distinguish high carbon 
austenite, ferrite, and carbide satisfactorily is shown in Fig. 2. This 
may be compared with Fig. 3, sodium picrate etch alone. 

The results relating to the upper limit of the austenite-carbide- 
ferrite field are given in Table III. 

The lower limit of the three-phase field was observed to be be- 
tween 620 and 640 degrees Cent.(1150-1185 degrees Fahr.) in the 
1.22 per cent carbon alloy and between 600 and 620 degrees Cent. 
(1110-1150 degrees Fahr.) in the 0.95 per cent carbon alloy. The 
photomicrograph of Fig. 5 is for the 1.22 per cent carbon alloy after 
heating 120 hours at 620 degrees Cent. (1150 degrees Fahr.), which 
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Fig. 1--7.16 Per Cent Manganese. 1.22 Per Cent Carbon. Heated at 1150 De 
grees Cent. (2100 Degrees Fahr.) for 12 Hours in Argon and Quenched. Reheated 
to 640 Degrees Cent. (1185 Degrees Fahr.) for 96 Hours in Sealed Evacuated Con 
tainer and Requenched. Sodium Picrate Etch, x 20. f 

Fig. 2—-12.80 Per Cent Manganese. 0.46 Per Cent Carbon. Heated to 1250 De 
gree Cent. (2280 Degrees Fahr.) for 12 Hours in Argon and Quenched. Reheated 
to 640 Degrees Cent. (1185 Degrees Fahr.) for 150 Hours and Requenched. Etched 
First Using 4 Per Cent Nital and then Sodium Picrate. % 1500. Austenite Grey, 
Carbide Black, Ferrite White. 
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Fig. 3—12.80 Per Cent Manganese. 0.46 Per Cent Carbon. Heated to 1250 De 
grees Cent. (2280 Degrees Fahr.) for 12 Hours in Argon and Qvenched. Reheated 
to 640 Degrees Cent. (1185 Degrees Fahr.) for 150 Hours and Requenched. Etched 
with Sodium Picrate. » 1500. Carbide Black. 

Fig. 4—7.12 Per Cent Manganese. 0.75 Per Cent Carbon. Heated to 1150 De 
grees Cent. (2100 Degrees Fahr.) for 12 Hours and Quenched. Reheated to 640 De 


xrees Cent. (1185 Degrees Fahr.) for 96 Hours and Requenched. Sodium Picrate 
Etch, xX 1500. 





TRANSACTIONS OF THE A. S. ! 


Fig. 5—7.16 Per Cent Manganese. 1.22 Per Cent Carbon. Heated to 1150 De 
grees Cent. (2100 Degrees Fahr.) for 12 Hours and Quenched. Reheated to 620 De 
co Cent. (1150 Degrees Fahr.) for 120 Hours and Requenched. Sodium Picrate 
itch. x 1500. 

Fig. 6—-7.09 Per Cent Manganese. 0.16 Per Cent Carbon. Heated to 1150 De 
grees Cent. (2100 Degrees Fahr.) for 12 Hours and Quenched. Reheated to 680 D« 
grees Cent. (1255 Degrees Fahr.) for 48 Hours and Requenched. 4 Per Cent Nital 
Etch. xX 1500. 
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Table Ill 
Results Relating to the Upper Limit of the Austenite-Carbide-Ferrite Field 


Carbon Manganese Eutectoid Present Eutectoid Absent 
Per Cent Per Cent Degrees Cent. Degrees Fahr. Degrees Cent. Degrees Fah: 


.09 620* 1150 640 1185 
39 640 1185 660 1220 
12 700 1290 720 1330 
ae 700 1290 720 1330 
.16 700 1290 720 1330 


0 16 
0.39 
0.75 
0.95 


1.22 
22 


NNN™NNSN 


*Typical appearance of eutectoid etched with sodium picrate shown in Fig. 4. 


is just inside the ferrite plus carbide field, and shows that the alloy 
contained proeutectoid carbide and pearlite. 

In alloys lower in carbon lengths of time of 336 hours at 580 
degrees Cent. (1075 degrees Fahr.) and 720 hours at 560 degrees 
Cent. (1040 degrees Fahr.) were insufficient to transform austenite 
completely to ferrite and carbide. Because of this slow transforma- 


tion, which would probably take many months, and possibly years, to 


complete in the lower carbon alloys, it was thought impracticable to 
continue this work further. 


DETERMINATION OF THE UPPER LIMIT OF THE 
AUSTENITE-FERRITE FIELD 


The method used was the same as that described for the deter- 
mination of the three-phase region with the exception that after heat 
treating and polishing, the specimens were etched with 4 per cent 
nitric acid in ethyl alcohol instead of with sodium picrate. 

“vidence that the upper limit of the austenite-ferrite field for 
the 0.16 per cent carbon alloy is close to 680 degrees Cent. (1255 
degrees Fahr.) is given by the photomicrograph of Fig. 6, which 
shows the structure of the quenched alloy after heating to 680 de- 
grees Cent. (1255 degrees Fahr.) for 48 hours. The ferrite particles 
separated at the grain boundaries of the austenite were assumed to 
exist at the quenching temperature, and these appear white in the 
photomicrograph. The constituents which appear black and grey 
resulted from partial, or complete, decomposition of the austenite 
during quenching. 

The upper limit of the 0.015 per cent carbon alloy was deter- 
mined dilatometrically (2). 
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Fig. 7—7.15 Per Cent Manganese. 0.95 Per Cent Carbon. Heated to 1150 D: 
grees Cent. (2100 Degrees Fahr.) for 12 Hours and Quenched. Reheated to 1050 De 
grees Cent, (1920 Degrees Fahr.), Quenched, then to 650 Degrees Cent. (1200 Degrees 
Fahr.) for 15 Minutes, Quenched, and Finally to 820 Degrees Cent. (1510 Degrees 
Kahr.) for 2 Hours and Quenched. Sodium Picrate Etch. X 1500. 


DETERMINATION OF THE Upper LIMIT OF THE 
AUSTENITE-CARBIDE FIELD 


To decrease the time necessary in subsequent treatment to attain 
equilibrium at various temperatures close to the upper limit of the 
austenite-carbide field, the alloys were heated to 1050 degrees Cent. 
(1920 degrees Fahr.), quenched, reheated to 650 degrees Cent. (1200 
degrees Fahr.) for 15 minutes, and again quenched. This procedure 
allowed some carbide of small particle sizes to be precipitated uni- 
formly throughout the alloys, while most of the carbon was retained 
in the austenite. In subsequent treatment the alloys were heated in 


about two minutes to within a few degrees of the upper limit of the 
carbide solubility line, held for two hours at that temperature and 
quenched. 


Using the above procedure, particle sizes greater than those 
shown in Fig. 7 were rarely developed at any time. 
Two hours were found to be sufficient to attain substantial 
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Table IV 


Temperature Temperature 
at Which Some at Which All 
Time at Carbides Undissolved Carbides Dissolved 
Manganese Temperature Degrees Degrees Degrees Degrees 
Per Cent Hours Cent. Fahr, Cent Kahr. 
7.12 : 820 1505 840 1545 
15 900 1650 920 1690 
.16 1040 1905 1060 1940 


equilibrium at temperatures close to the upper limit of the austenite- 
carbide field in alloys containing more than 0.95 per cent carbon. For 
the 0.75 per cent carbon alloy, five hours were found to be necessary. 
(he results are given in Table IV. 





0.20 040 060 080 1.00 120 140 
Per Cent Carbon 
Fig. 8—7 Per Cent Manganese Section of the 


Constitutional Diagram for the Ternary System Iron, 
Manganese and Carbon. 


SEVEN Per CENT MANGANESE SECTION OF THE TERNARY DIAGRAM 


The sectional diagram drawn in Fig. 8 is not equivalent to a 
binary diagram, nor is it as useful. In the former case it is im- 
possible to tell what are the relative amounts and compositions of 


the phases which separate under equilibrium conditions in any two- 
or three-phase field, while in the latter case there are no such limita- 
tions, 


The lines AB and BC are in the plane of the 7 per cent man- 
ganese section, but the lines DB, BE and FG are not, because the 
phases which separate under equilibrium conditions in the two- or 
three-phase field do not contain 7 per cent manganese. 

According to Arnold and Reed (5), carbides separated from a 7 
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per cent manganese alloy should contain about 20 per cent mang 


Therefore, one would expect that if carbides are separated under 
equilibrium conditions from a hypereutectoid alloy in the austenite 
carbide field, the remaining austenite should contain less than 7 per 



























cent manganese which would transform on cooling over a eutectoid 
range of higher temperature limits than the 7 per cent austenite of 
composition B. Thus it is not surprising that the lines BE and FG 
are raised with increasing carbon content. 

Similarly, it is known that under equilibrium conditions the fer- 
rite in the austenite-ferrite field contains less manganese than the 
austenite (6), and therefore when 7 per cent manganese hypoeutec- 
toid alloys are cooled at infinitely slow rates, through the austenite 
ferrite field, one would expect the remaining austenite to contain more 
than 7 per cent manganese and thereby lower the temperature limits 
of the eutectoid range. 
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ute By D. A. CAMPBELL 
per 
ctoid Abstract 
le of 
| FG The influence of nickel in steel in small amounts and 
the influence of heat treatment on these pearlitic nickel 
 fer- steels was studied, with respect to wnpact resistance at 
1 the low atmospheric temperatures. 
In the steels investigated proper heat treatment other 
wel than normalising or annealing increases impact resistance 
nite at low temperatures and fully drawing increases impact 
more resistance at all ordinary atmospheric temperatures. While 
imits nickel in small quantities tends to improve low tempera- 
ture impact resistance, the best results are obtained when 
the nickel additions are not in amounts sufficient to de- 
stroy the polyhedral grain structures characteristic of 
plain carbon steels and these additions seem to be a func- 
XII. tion of. the carbon content. Polyhedral grains of ferrite 
1932 are tougher than acicular grains. Fractured surfaces fur- 
. nish a definite and simple means for determining relative 
i's V. impact values. 
Ml. 21 
INTRODUCTION 
Man- : , ti ' 
rican HE properties of metals and alloys change with the variation in 
. 228 temperature to which they are subjected. Knowledge of the 
lle nature of these changes is of prime importance to all designers and 
users of metals. Changes in properties with decreasing tempera- 
1910 tures, that is to temperatures below ordinary room temperatures, 
| however, has not appeared of such great importance. What might 
t on be called the low temperature region, has not in the past received the 
a attention that modern experience indicated is justified. It is of inter- 


est to note that of tweny-seven papers in the “Symposium of Effect 
of Temperature on the Properties of Metals” (1)* only two speci- 
fically mention the low temperature field. 









‘The figures appearing in parentheses refer to the bibliography appended to this 
paper. 


Presented by permission of the National Research Council of Canada. 
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The advance of mining and settlement into northern ; 


ons 
brings the question of low temperature effects to the forefront. \, 


chinery parts, and metal structures generally, do not stand 


in 
service as satisfactorily under sub-zero weather conditions as the, 
do in temperate climates. Failures are more unexpected and may be 


costly or dangerous to life. The use of tractors, mining and drilling 
equipment and aircraft in far northern latitudes under low atmos 
pheric conditions, such as in the presently developing mining field 
of Great Bear Lake, brings prominently to the fore the question 
of the reliability of the usual engineering materials, such as plain 
carbon and alloy steels, when subjected to these conditions, 

Failure of street car axles due to low temperature conditions, such 
as frequently occur in several cities in western Canada have been dis 
cussed by Morrison and Cameron (2). They state the number of 
reversals of stress which these axles undergo before failure preclude 
the possibility of a simple fatigue failure occurring. These breaks 
almost invariably occur at the change of cross section of the axle. 
The causes are believed to be due to a combination of circumstances 
The stiffened condition of the track during low temperature weather, 
frequently as low as —30 degrees Fahr., would cause the axles to be 
subjected to impact stresses as the wheels pass over the frogs and 
any other uneven sections or if the wheels are in any way flattened. 
At the reduction of cross section area a stress concentration would 
occur and if there were any injury, such as a scratch from machining 
or other source, a notch effect would also be present. Finally, as 
is generally recognized, the impact resistance of the axle itself would 
be lowered at the low temperatures. Thus small cracks would be 
induced which would gradually work through the axle. 

It is interesting to note that these fractures occur almost in- 
variably some two weeks after a period of low atmospheric tempera- 
tures. 

In 1927 Messrs. Morrison and Cameron undertook a series ot 
investigations on the impact resistance of steel at low atmospheric 
temperatures under the auspices of the National Research Council 
of Canada and the results of their investigation were reported to 
the “Empire Mining and Metallurgical Congress.” This work has 
been extended into the nickel alloy steel field, and the present paper 
reports the results of investigations on the “Impact Resistance of 
Certain Nickel Steels at Low Atmospheric Temperatures.” 
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IMPACT PROPERTIES OF NICKEL STEELS 


PREVIOUS INVESTIGATIONS 

Morrison and Cameron (2) discussed the work done in this 
| prior to 1927 and that, therefore, scarcely needs further com 
ent. The following papers are reviewed in chronological order and 
aclude the work done since 1927 in this particular field as far as it 
‘; known to the author. To give continuity, the results quoted in 
each publication are compared with, or commented upon, in the light 

f the results obtained in the present investigation. 
R. A. Bull (3) and H. W. Russel (4) have ably summarized 


i) 


the broader field of the effects of low temperatures on the physical 


properties of metals and alloys in general. Russel gives a generaliza- 


tion of changes taking place with decreasing temperatures showing 
that the properties of yield point, tensile strength, endurance limit, 
hardness and thermal and electrical conductivity increase with de 
creasing temperatures, whilst others, such as ductility (elongation 
and reduction of area) malleability and impact resistance, decrease. 

Rk. W. Moffat (5) investigated the effects of low temperatures 
upon the impact resistance of various grades of cast carbon and alloy 
steels and concluded that: 

(1) Since grey cast iron is very brittle at room temperatures, 
the results on the decrease at low temperatures are not very reliable. 

(2) The impact resistance of untreated carbon steel castings at 
(—25 degrees Fahr.) varies from one-quarter to one-half of that 
at room temperature. 

(3) The heat treatment of carbon steel castings gives an in- 
crease in impact resistance at low temperatures of nearly 300 per 
cent over untreated material. 

(4) Vanadium, nickel-vanadium and nickel steel castings give 
higher impact resistance at all temperatures than plain carbon steels. 

(5) Normalizing and reheating increases the impact resistance 
at low temperatures. 

The analysis of some of the carbon and nickel alloy steels used 
by Moffat corresponds to the analysis of certain of the steels used 
in the present investigation and in general the results agree. 

IX. Krieg (6) found that ferritic materials do, and that nickel- 
rich austenite does not, increase in brittleness at low temperatures ; 
that pearlitic (0.6 per cent carbon, 2.3 per cent nickel) nickel steel is 
still tough at —80 degrees Fahr.; that heat treated steels are tougher 
at low temperatures than annealed steel and that the addition of 
silicon improves the low temperature resistance to impact. 
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The effect of silicon additions was not studied in the ; 


ent 
investigations, otherwise Krieg’s results were confirmed. The impact 
values of a 0.8 per cent carbon steel (Steels Nos. 8 and 9) show no 
appreciable decrease with decreasing temperatures. Steels Nos. 5 
and 6, with a lower carbon content (0.3-0.4 per cent carbon), hoy 


ever, show an appreciable, though perhaps not serious, decrease jn 
impact value with decreasing temperature (Figs. 9, 10, 11, 12) 
Sergeson (7) and his associates have studied the impact values 
of a considerable number of iron and iron alloy materials under low 
temperature conditions. Sergeson’s results on materials similar to 
those used in the present investigation show the same general trend 
although the rate of decrease found by Sergeson is greater. |{ 


l 
Sergeson had made tests in the neighborhood of (—35 degrees 






Fahr.) this rate of change might have been modified. 

It is interesting to note the effect of carburization as shown by 
comparing Sergeson’s steel, S.A.E. 2315, with steel No. 3 used by 
the author. The heat treatment is not identical but similar—stee| 
No. 3. drawn at 440 degrees Fahr. and S.A.E. 2315, drawn at 300 






degrees Fahr. The rapid drop in impact value with decreasing tem- 
perature of the carburized steel is probably due to the higher carbon 
content of the case. 

Cunningham and Gilchrist (8) studied the impact resistance of 
rail steels at low temperatures. They showed that: 









(1) There is a gradual decrease in the impact resistance down 
to (—18 or —20 degrees Fahr.). Below this temperature, resist- 
ance to impact shows reversals at fairly definite temperatures and 
indicates that uncertain results may be expected in shock resistance 
below (—20 degrees Fahr.). 













(2) A rivet steel (carbon 0.10 per cent) did not show reversals 
in impact resistance until temperatures below (—40 degrees Fahr.) 
were reached. 

(3) Grain size may play an important part in resistance to 
shock. 

(4) A ferrite mesh or network encircling grains of pearlite is 
a structure especially susceptible to impact at low temperature. 

These authors also offer as conclusions that the orientation of 
the pearlite lamellae in relation to the direction of the impact stress 
will be found to have a considerable effect upon resultant values; 
and that the minimum shock resistance, shown by their experiment 
to occur at temperature of about (—20 degrees Fahr.), may be due 
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IMPACT PROPERTIES OF NICKEL STEELS 705 


-ariations in the coefficients of contraction of the different com 
nents (cementite, ferrite, etc.) which set up minute strains in the 
eucture. They suggest that these coefficients may be constant down 

to this temperature but not below it. There are certain objections 
ty these suggestions. In a steel rail there is a great number of di- 
rections of pearlite lamellae and the size of the individual grain is 
very small indeed in comparison with the area of cross section of the 


rail. It is unlikely, then, that a steel rail, statistically a homogeneous 


substance, should be weakened in any particular direction due to the 
orientation of the pearlite lamellae. It is probable that the different 
components (cementite, ferrite, etc.) have different coefficients of 
contraction. If these coefficients do set up minute strains in a steel 
they would do so at the surface of contact between unlike compo- 
nents. In a given steel the area of contact between cementite and 
ferrite should be a maximum when a sorbitic structure (fully drawn) 
exists. It would be reasonable to expect that the total effect of the 
unequal contraction would be maximum in fully drawn steel. The 
fully drawn steel should then decrease in impact resistance more 
rapidly with decreasing temperatures than should a normalized steel. 
[his is not borne out by experiment, rather the reverse. The fully 
drawn steel always shows the higher impact values at low temper- 
atures. 

An unsigned article (9) emphasizing the importance of the low 
temperature properties of steel was published in “Nickel Steel 
Topics.”” The value of nickel in alloy steels over plain carbon steels 
in combating low temperature embrittlement is expressed as follows: 

(1) It can afford a better initial (room temperature) resistance 
to impact. 

(2) It lowers the temperature of the beginning of the interval 
of rapid loss (impact resistance). 

(3) It lowers the rate of loss (in impact resistance) through 
this region. 

These general conclusions are all confirmed by the present in- 
vestigation. 

The statement that austenitic (50 per cent nickel) steels suffer 
no low temperature embrittlement down to —300 degrees Fahr. must 
be of considerable interest to those using metals at such low temper- 
atures, 

B. M. Suslov (10) of Grosny, U.S.S.R., by way of a letter 
published in Metal Progress has emphasized the practical importance 
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of low temperature fractures to railway lines operating in ¢ 
mates. Of these breakages which include axles, tires, engine 


mes 
and rails, the rail failures are, to quote Suslov, “a matter of grea 
anxiety to the operators of the Siberian railway lines and a constany 


source of danger.” 

By recording the number of rail failures and the minimum tem 
peratures, month by month, over a period of two years, the engineer- 
ing department of the Tomsk railway has found that the number 
of failures are a maximum during the period of minimum temper- 
ature. It was found that during an average winter, using the present 
type of basic bessemer rails, rail breakages numbered one in four 
hundred. 

In investigations subsequently carried out by Federov and Dob- 
rovidov of the Technical Institute at Tomsk, it was found that the 
impact resistance of steel rails could be increased from four to ten 
times by heat treatment producing a uniform sorbitic structure. 

In conclusion Suslov states that basic bessemer rails are unsuit 
able for Siberian railways and open-hearth rails must be properly 
heat treated or suitable alloys added to give satisfactory service. 

The beneficial effect of suitable alloys and proper heat treat- 
ment (sorbitic structure) have certainly been recommended as a 
result of the present investigations. The advantage of a uniform 
sorbitic structure has also been verified by Morrison and Cameron. 











PRESENT INVESTIGATION 





Throughout these investigations, the technique of preparation of 
specimens, of heat treatment, of subjection to temperature, of testing, 
etc., as used by Morrison and Cameron, has been followed as closely 
as possible in order that the results might be directly comparable. 

A Charpy-type impact testing machine purchased in France, the 
same as used by Morrison and Cameron was used in the present 
work, The test specimens were prepared as specified for the small 
Charpy specimen (0.394 inches by 0.394 inches by 2.2 inches). 

The low temperatures were obtained by exposing the test pieces 
to the atmosphere in a large box outside. The time required for 
transportation of the test pieces from the box to the impact testing 
machine, which was placed near the door of the laboratory, and the 
actual testing was under 6 seconds. Also, the doors of the laboratory 
were opened wide and the apparatus cooled as far as possible so 
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the temperature of the specimens would not rise appreciably 


fore breaking. 


STEELS INVESTIGATED 


[he steels investigated are shown, along with available analyses, 
Cable I. The steels used by Morrison and Cameron (Nos. 1, 4 
nd 7) have been included for comparison. It will be noted that the 
steels naturally fall into three groups according to the percentage of 


Table I 
Chemical Composition of Materials Investigated 


Man Phos 

Type of Steel Carbon Nickel ganese phorus Sulphur 

Steel No, Per Cent Per Cent Per Cent Per Cent Per Cent 

>. 1010* 0.10 sce 0.42 0.044 

». 2110 d 0.12 san ee 
Ne 2020 3 0.19 nodes ack Coe 
. 1035" . 0.34 jeu 0.60 0.014 0.042 
©, 2230 0,33 2.07 
©. 2330 0.31 3.47 care Silo acta 
». 1070" 7 0.72 eal 0.57 0.025 0.038 
©, 2175 8 0.7-0.8 0.5-1.5 
©. 2375 0.70.8 3.0-3.5 


PDMNNDNNNAY 
>>> >>>>>> 


"Morrison and Cameron's Steel 


carbon present and for a given carbon percentage there are three 
types, viz., plain carbon (( No. 1, 4 and 7), low nickel (No. 2, 5 and 


8), and higher nickel (No. 3, 6 and 9). For convenience the steels 
have been classified under the well known $.A.E. system. 


PREPARATION OF SPECIMENS 


The steel as received (in 0.75 inch round stock) was first milled 
to 0.5 inch square bars and cut into 9.5-inch lengths. To relieve 
all internal strains and soften the steel for machining it was then 
annealed by holding the furnace temperature above the critical range 
for 15 minutes and then furnace cooled. Following this heat treat- 
ment they were cut in two and the final milling was completed, bring- 
ing the 0.5 inch square bars to a 0.400—0.405 inch square section. 
After again cutting the bars in two they were brought to a length 
of 2.2 inches. Using an emery belt on a flat surface the section 
was reduced to the final dimension of 0.394 inches square. To pro- 
vide a means for hanging the specimen in the furnace, a small hole 
was drilled at one end. The notch hole was drilled in the center, 
as specified for the standard specimen, having a diameter of 0.055 
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inch and so placed that one edge of the drill hole was 0.225 inch 
a finished surface. 

With the exception of those steels which on heat treatien 
would become exceptionally hard, these specimens were then heat 
treated and the notch completed by a saw cut. Care was taken not 
to scratch the wall of the drill hole which was to form the bottom 
of the notch. With the hard steels the notch was completed before 
heat treatment. 

Additional tests, in the form of Brinell hardness tests were made 
on sections of each steel for each heat treatment and in the form 
of Standard tensile tests on one of the steels. The Brinell hardness 






















tests were made on pieces approximately one inch in length cut from 
the 0.75-inch stock. After proper heat treatment these pieces were 
cut or ground to a fresh surface for the Brinell test. 


Heat TREATMENTS 





In order to determine the effect of heat treatment on the low 
temperature impact resistance of these various steels, five treatments 
were chosen as shown in Table II. As in Table I, the heat treat- 
ment of the steel used by Morrison and Cameron (Nos. 1, 4 and 7) 
was included. Unfortunately, the amount of material available for 
certain of the steels did not allow of a complete set of heat treat 
ments for each type of steel (See Table III.) In these cases, lim- 
ited by the number of specimens available, the most commonly used 
heat treatment was chosen. 

The specimens were treated in a multiple unit electric furnace 
in batches up to 16 in number. The specimens were suspended from 






Table II 
Heat Treatments of Steels Investigated 


Heat 


Treatment 
Number l 2 3 4 5 
Heat Normal- Quench- Quench Draw Quench Draw Quench Draw 
Treatment ize ing 
Degrees Degrees Degrees Degrees Degrees Degrees Degrees Degrces 
Fahr. Fahr. Fahr. Fahr. Fahr. Fahr. Fahr. Fahr. 
Steel Nos. 1", 
2 and 3 1675 1675 1675 440 1675 810 1675 1150 
Steel Nos. 4", 
5 and 6 1575 1575 1575 440 1575 810 1575 1150 
Steel Nos. 7", 








Sand 9 1475 1475 1475 440 1475 810 1475 1150 


*Morrison and Cameron's Steel 
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Table Ill 
Test Data 


Heat Steel Charpy Impact Value Brinell 
lreatment Number uae, at Jn tt. Ibs. spc cimen : ; Nx 
remperature of Testing +70°F +-15°F O° F 10°F <O'r 5°F +70°F 
Normalized é 68.7 66.7 70.0 72.0 79 5 40 127 
(1) 3 41.0 32.2 31.0 30.8 
5 43.6 33.5 32.5 30.0 4. 
6 24.0 22.8 20.2 17.7 7. 197 
x 12.4 7.5 7.0 229 
9 14.8 12.8 12.7 
OQuenched 2 24.1 tes 20.8 
~ (2) ; 26.9 28.5 31.6 
lrawn 440 Degrees é 22.8 20.1 20.9 
Fahr. (3) 3 27.9 33.0 29.9 
18.0 20.3 17.7 
Drawn R10 Degrees 38.7 40.0 38.1 e 
Fahr. (4) 3 37.8 36.0 38.5 37.0 
: 28.4 30.0 31.2 29.5 
29.6 32.0 33.8 31.6 
Drawn 1150 Degrees 67.7 68.0 70.0 77.0 
Fahr. (5) 3 56.1 53.0 65.0 63.5 
55.1 53.1 57.8 57.0 
48.7 53.9 52.6 51.5 
25.6 20.6 21.0 18.0 
23.0 24.5 23.4 19,1 


Broken at 30 degrees Fahr. 


Additional Test Data—Steel No. 6 


Heat No. 1 Heat No.3 Heat No. 4 Heat No 


Yield Point—lbs. per sq. in. 90,000 bes 145,000 104,000 
Ultimate Strength—lbs. per sq. in. 104,000 212,000 150,000 105,000 
Per Cent Reduction in Area 54.5 56.7 60.2 56.0 
Per Cent Elongation on 2 inches 21.5 14.0 12.5 21.5 


a frame, supported by a rod in such a way that all specimens were 
placed at an equal distance from the walls of the furnace. A re- 
cording controller type thermocouple was employed for temperature 
control. 

The steel specimens were held at the furnace temperature for 45 
minutes. This was the practice in all heat treatments to insure a 
complete structural change in the steels. In the drawing and nor- 
malizing operations the steels were air-cooled and the quenching was 
done in water at +70 degrees Fahr. The freely suspended frame 
mentioned above enabled the steel to be removed from the furnace 
and quenched quickly with little loss in heat. To reduce decarburiza- 
tion to a minimum, pieces of charcoal were placed in the furnace 
with each heat and the furnace sealed to prevent the entrance of air. 


The charcoal was so placed as to be not in contact with any part of 
any specimen. 
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Test RESULTS 





The complete tabulation of the mechanical properties of the 
steels investigated are shown in Table III. The results of the im- 
pact tests are in all cases the average of 3 or 4 determinations. The 
impact data affords a means of comparison between one steel and 
another, and directly so when the size and shape of the specimen, 
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depth of notch and radius of curvature of the bottom of the notch 
are identical and the same impact machine is used. The impact test 
brings out certain physical properties of metals which no other form 
of mechanical test can show. 

To facilitate the interpretation of the impact results, two types 
of graphs have been plotted. For purposes of comparison, the data 
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gained from the investigations on plain carbon steels by Morrison 


The first type of graph (Figs. 1, 3, 5 - 19) shows the actual 
impact values as obtained and affords an easy means of comparison 
between the toughness of any steel and heat treatment at any tem- 
perature. These graphs were obtained by plotting impact value 
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Tempersture , °F 


Figs. 19 and 20—-Graphs Showing the Influence of Chemical Composition on 
the Impact Properties of Steels 1 to 9. See Table I for Chemical Composition. 


‘ison in foot-pounds per specimen (standard small Charpy test piece) 
against temperature of testing in degrees Fahr. 

ctual The second type of graph (Figs. 2, 4, 6 - 20) was designed to 

rison bring out the relative decrease or increase in impact value with drop 

tem- in temperature of testing. In these graphs for a given steel and 

value heat treatment the percentage of the room temperature impact value 
was plotted against temperature of testing in degrees Fahr. In each 
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case the room temperature impact value was equated to 100 per 

The various curves plotted as explained above were gr up 
order to show the influence of heat treatment on a given steel (| 
1, 2, 3 - 18) and to show the effect of chemical composition 
given heat treatment (Figs. 19 and 20). 

The beneficial effects of heat treatment on the steel used is | 
fold ( Figs. 1 - 18) viz: 

(1) With the exception of Steel Nos. 1 and 2 quenched and 
fully drawn steel was much tougher at room temperature than nor- 
malized steel. 


WO- 


2) Heat treatment largely eliminates the lowered resistance 
to impact with low temperatures. This improvement was most 
marked in the low carbon steels (Nos. 1 to 6) although Steel No. 
4 (Fig. 8) does not show as great an effect as the others. The high 
carbon steels in the fully drawn condition show some improvement 
over the normalized but this was not as marked as in the case of the 
lower carbon steels. Steel No. 7 was so brittle that the results are 
unreliable and no comparison is justified. 

The use for which a metal is intended will largely determine its 
carbon content. The problem becomes the selection of the best per- 
centage of nickel for a given carbon percentage to produce the maxi- 
mum impact resistance at all temperatures. 

As with heat treatment, the beneficial effect of nickel in steel 
is two-fold and is readily apparent by the various steels grouped ac- 
cording to the composition in the normalized condition in Figs. 19 
and 20. 

(1) With the exception of the low carbon steels Fig. 19 
(Curves 1, 2 and 3) nickel definitely improves the room temperature 
impact strength, the carbon being equal. 

(2) In Fig. 20 it is easily seen that the addition of nickel 
distinctly improves the low temperature impact resistance. Curves 
No. 1, 4 and 7, the plain carbon steels all lie below the nickel steel 
curves at low temperatures (—20 degrees Fahr.). The erratic be- 
havior of the high carbon steel is again evident (Curve No. 7). 


MICROSTRUCTURE 





The microstructures of typical specimens for each heat treatment 
were carefully examined. These were obtained from pieces cut 
from typical specimens, all of which were broken at the minimum 
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nperature. For comparative purposes the microstructures of spe- 


nens broken at room temperature have been examined for a num- 
er of the heat treatments and within the ordinary range of magni- 
Geation (X 1000) no differences could be noted. There is, there- 
fore, nothing to indicate that there is any permanent change in mic 
rostructure with changes in temperature. It must, however, be 
pointed out that the microstructures were examined at room tem- 
and peratures and that some time had elapsed since the specimens had 
orl been subjected to low temperatures. 


Normalized—The microstructures of the normalized steels were 
ance . . . - 
= studied. In comparing these structures it was noted that the effect 
most 


No. 


high 


of nickel on the microstructure depends to a considerable extent on 
the carbon content. With nickel not in excess of 2 per cent and 


carbon not in excess of 0.4 per cent the microstructures showed the 
nent 


t the 


» are 


typical polygonal grain structures characteristic of plain carbon steels. 
Pearlite in quantities depending on the carbon content was fairly 
uniformly dispersed throughout the metal. The low carbon steel 

showed minute amounts of free cementite segregated as spheroidal 
ome particles and stringers at the grain boundaries of the ferrite. There 
per- was no evidence in these microstructures of the presence of nickel. 
peal However with nickel in excess of 2 per cent a characteristic acicular 
structure developed. The carbon appeared to be dispersed and the 
Steel polyhedral ferrite grains characteristic of the lower nickel was re- 
placed by interlocking ferrite needles. 

With the higher carbon contents the structures normal to plain 
carbon steels were retained throughout the range of nickel steels 
studied. There were perhaps greater amounts of pearlite present 
than would be expected by the addition of nickel to a similar plain 
carbon steel and the pearlite itself was sorbitic rather than lamellar. 
Both of these results are in line with what would be expected by the 
addition of nickel to a plain carbon steel. 

Quenched—The structures of the steels 2 and 3 after quenching 
showed the characteristic acicular structures of martensite. Troostite 
was present in relatively small amounts and appeared to be developed 
most abundantly adjacent to pits from which sonims have been re- 
moved during the process of polishing. There was nothing in these 
structures which would distinguish them from martensite developed 
in plain carbon steel by similar treatment. 

Tempered—The microstructures produced by the tempering of 


the steels showed a tendency to retain a needle-like structure in the 


| ac- 
; 19 


nent 
cut 
num 












776 TRANSACTIONS OF THE A. S. M. Sept 





sorbite presumably pseudomorphs of the martensite needles 
which the sorbite developed by granulation. Generally, as woul: | 
expected, the microstructures showed a greater amount of free 


rite in the lower carbon steels. This ferrite was both acicular and 


granular. Granular ferrite appeared in greater abundance in the 
































lower nickel steels than in the higher nickel steels. 

Thus the type of ferrite grain, acicular or granular, is similar 
regardless of the carbon content or the heat treatment, and appears 
to be a function of the nickel content. 


RELATION MICROSTRUCTURE TO RESULTS 








An interpretation of the impact test results, as shown in Table 
III and the graphs, in the light of the microstructures is difficult. 
The graphs show clearly that throughout the range of composition 
studied, additions of nickel increased in all cases the impact resist- 
ance at low temperatures. Perhaps the outstanding characteristic of 
the microstructures was the acicular or needle-like structures of fer- 
rite produced when nickel exceeds a critical point, which appears to 
lie somewhere near 2 per cent nickel for carbon contents of less than 
0.4 per cent carbon. This point increases to above 3.5 per cent 
nickel when the carbon increases above 0.4 per cent carbon. Appar- 
ently nickel is most beneficial in retaining impact strength at low 
temperature when it is present in some amount less than this critical 
composition. The most beneficial effects are obtained when nickel 
is present in amounts not sufficient to destroy the normal polyhedral 
shape of the ferrite grains, whether produced by normalizing or as 
excess ferrite in a sorbitic structure. 

These conclusions hold for the steels studied in this investiga- 
tion and probably for all pearlitic nickel steels. Other workers have 
shown that austenitic nickel steels have high impact values at all 
temperatures and austenitic nickel steels are also polyhedral grain 
structures. 


FRACTURES 





The fractured surfaces of typical specimens from each heat 
treatment, at the minimum and maximum temperatures of testing 
were studied. The polished sections used for the examination of 
the microstructure were, in each case, cut from the low temperature 
fracture specimen shown, 
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Figs. 21 to 


Fahr. 


Fig. 

Fig. 

Fig. 
Macrograph 


OF NICKEL STEELS 


Typical Charpy Impact 


2 Normalized. 
5 Normalized. 
8 Normalized. 


Fig. 
Fig. 
Fig. 


Fractures of Specimens Tested. 


9 
4 


26 


Steel 3 Normalized. 
Steel 6 Normalized. _ 
Steel 8 Drawn at 1150 Degrees 
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For the purpose of description of the fractures, the literal | 
lation of the German terms as used by Professor Schwinning | ||) 
will be followed. Professor Schwinning classifies such fract; 
as being of three types, viz: 


(1) Separation. 










A faceted or scintillating fracture as in Fig. 25 
(2) Deformation. 
A fibrous or silky fracture as in Fig. 21. 
(3) Mixed. 
A fracture showing both a faceted and a fibrous area 
as in Fig. 26 in the low temperature specimens. 


Very careful research by Schwinning, using a special camera, 









has revealed that the area of a fracture, characterized by a separa- 
tion break, represents an interval or progress of breaking during 


ee 


WOE «OF. 





Fig. 27—-Steel 2 Quenched and Drawn at 810 Degrees Fahr. 
Fig. 28—-Steel 2 Quenched and Drawn at 1150 Degrees Fahr. Macrographs x 2.5. 











which no energy is absorbed by the specimen. On the other hand, 
during a deformation break, energy is absorbed. 

The fractures, Figs. 27 and 28, show further that the Charpy 
value is dependent also on the degree of fineness of deformation 
fracture (See Fig. 3, curve 4 and 5 respectively). Investigation 
shows that the corresponding impact values and fractures show an 
increase in Charpy value as the fractures change from a powdery 


mera, 
‘para- 
uring 


ind, 


rpy 
ion 
ion 

an 


ery 


IMPACT PROPERTIES OF NICKEL STEELS 779 


saration fracture to a coarse deformation break. The powdery 


acture is in reality a finely faceted mixed break and the resultant 
value is very close indeed to the similar, more coarsely faceted break 

See Fig. 26). This would be expected from Professor Schwinning’s 
work. 

If the above interpretation is correct, it is possible, by compar- 
ing any two fractures as obtained in these investigations to readily 
determine, with few exceptions, the relative impact values of two or 
more steels. This method of comparison can be applied equally well 
to two different steels and to two specimens of same steel broken at 
different temperatures or after different heat treatments. 

Comparison between a high and low temperature break is ob- 
vious in Fig. 22 (Fig. 5) and Fig. 23 (Fig. 9) where the contrast 
between a deformation break and a separation break is very definite. 
[t would be more difficult to contrast the two fractures as they appear 
in Figs. 24 and 25, (Figs. 11 and 15 respectively) where differentia- 
tion depends on the relative areas of separation breaks. 

It is interesting to note that a simple means of testing a steel 
at low temperature known to have satisfactory impact resistance at 
room temperature, is provided by these relationships of impact value 
to type of fracture. It would not be necessary to have access to a 
Charpy machine in order to determine the relative change or drop 
in impact resistance with temperature. All that is necessary is that 
the fractures should be produced in an identical manner. Care, 
however, would be necessary, for comparative purposes, that any 
specimens should be identical in size, shape and notch since impact 
values vary with any change in these respects. 


CoNCLUSIONS 


From a close examination and comparison of the test results, 
the microstructures and the fracture surfaces, the following conclu- 
sions have been drawn. 

(1) Proper heat treatment, other than normalizing or anneal- 
ing, increases the impact resistance at low temperatures of plain car- 
bon and pearlitic nickel steels. 

(2) A maximum impact resistance with ordinary atmospheric 
low temperature ranges is obtained when the steels are quenched 
and fully drawn. 

(3) Addition of nickel in small quantities tends to improve 
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the impact resistance of normalized low carbon steels at low at 
pheric temperatures. 

(4) It is indicated that the amount of nickel required to cive 
the maximum low atmospheric temperature value is a function of 
the carbon content of the steel. With less than 0.4 per cent carbon, 
maximum impact resistance at low atmospheric temperatures is ob- 
tained with about 2 per cent of nickel. With carbon in excess of 
0.4 per cent maximum impact resistance requires at least 3.5 per 
cent nickel. These results hold for all heat treatments. 

(5) Addition of about 2 per cent nickel to a low carbon steel 
retains the room temperature impact resistance to —35 degrees Fahr. 
when the steel is in the normalized condition. In this respect adding 
nickel in this amount has the same effect as quenching and drawing 
a plain carbon steel to a completely sorbitic structure. 

(6) Maximum impact resistance at low atmospheric tempera- 
ture, in normalized steels, is obtained with nickel additions in some 
amounts, but not sufficient to destroy the polyhedral grain structure 
characteristic of pearlitic plain carbon steel. 

(7) Needle or acicular grains of ferrite appear to be more 
brittle than polyhedral grains. 

(8) Fracture surfaces can be used as a definite means for 
determining relative impact value. 

Besides these conclusions on impact resistance of steels at low 
temperatures, detailed studies of the results of the tests, in conjunc- 
tion with the study of the microstructures and fractures, suggest other 
general conclusions of considerable significance. 

(1) Although nickel undoubtedly improves the general physical 
properties of carbon steels, there is a certain definite amount of nickel 
which will give the maximum improvement for any given carbon 
content. 

(2) Impact fracture surfaces, studied in the light of Schwin- 
ning’s classification with, possibly, some elaboration forms an excel- 
lent rapid means for the qualitative and possibly the quantitative de- 
termination of impact resistance. 
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EFFECT OF GRAIN-SIZE UPON SOME PHYSICA 
PROPERTIES OF MEDIUM CARBON STEELS 


By FREDERICK G. SEFING AND KENNETH J. TRIGGER 


Abstract 





This paper is another contribution to the many writ- 
ings on the subject of grain-size in steels and its effect on 
the physical properties of the metals. 

The authors show that grain-size has a profound in- 
fluence on cracking and distortion in medium carbon 
steels. Several other interesting results are shown by the 
authors to be applicable to the mdustry. 


T HAS often been observed that while two steels may meet the 

same chemical specifications they may show vastly different 
physical properties, particularly with respect to toughness, depth of 
hardness, distortion, forging properties, and susceptibility to heat 
treatment. This variation of steel has caused a great deal of trouble 
to the users of plain carbon steels. 

In view of such differences in steel, metallurgists have come to 
the conclusion that the chemical analysis of steel is not the only 
important factor determining its properties but that the grain-size 
must also be considered. With such large quantities of steel re- 
quired by present day production methods it becomes imperative that 
the steel mills manufacture a product which can be relied upon to 
give uniform results. At present the study of grain-size control in 












carbon steel and its effect upon the physical properties is one of the 
most important and most widely discussed phases of steel metallurgy. 

It is generally believed that it is grain-size or perhaps some still 
more fundamental condition which is responsible for the variations 
in physical properties of steels with the same chemical analysis. With 
respect to the factors controlling the causes of inherent differences in 
steel, the following is quoted from “Deoxidation of Steel” by C. H. 
Herty, Jr.* 


IC. H. Herty, Jr., “Deoxidation of Steel,”” Transactions, American Society for Metals, 
Vol. 23, March, 1935. 






Of the authors, F. G. Sefing is assistant professor of metallurgy, and 
K. J. Trigger is instructor in mechanical engineering, Michigan State College, 
Lansing, Michigan. Manuscript received July 15, 1935. 


782 










t the 


“rent 
h of 
heat 
uble 


1e to 
only 
-size 
re- 
that 
n to 
)| in 
the 
rgy. 
still 
ions 
Vith 
sin 


H. 


tals, 


and 


ege, 


PROPERTIES OF CARBON STEELS 783 


“In the steel entering the mold and the reactions which take 
ace during solidification it will be noted particularly that, aside 
rom chemical composition, there are nonmetallic elements in solu- 


‘ion and in suspension and that the amounts of material in solution 


and the type of suspension are due largely to the deoxidation methods 
employed. One of the properties of steel that might be affected by 


these solutions and suspensions is that of grain-size. 

“It is the general concept at this time that fine-grained steels 
are the result of the presence of a fine suspension which furnishes 
nuclei for recrystallization during heating through the critical range. 
Steels of the same grade will vary in grain-size as a result of the 
type of fine suspension present. For example, if a steel is deoxi- 
dized with silicon alone it will always tend to be coarse-grained and 
will show a marked coarsening of grain when overheated. Aluminum- 
killed steels on the other hand, are almost always fine-grained and 
will not coarsen until a higher overheating temperature is applied than 
was the case in the original coarse-grained steel.” 

From the above statements it is evident that the final quality of 
steel is largely determined by the deoxidizer and the method of de- 
oxidation. Steel manufacturers are now making use of the knowl- 
edge gained through recent experiments by Herty and others and are 
producing “grain-size controlled steels’’ by proper manipulation of the 
various deoxidizers during the steel making process, and at present 
grain-size is an important specification for many steel parts. 

In view of the present interest in the grain-size of steel, this 
study was undertaken for the purpose of investigating medium car- 
bon steels with respect to the relationship existing between grain-size 
and volume changes on hardening. and tempering; grain-size and 
impact strength; and grain-size and cracking tendency of the heat 
treated steels. 


GRAIN-SIZE AS AFFECTED BY HEAT TREATMENT 


The grain-size of the steel was determined according to stand- 
ards of the A.S.T.M. Designation E19-33 (carburized at 927 degrees 
Cent. (1700 degrees Fahr.) for 8 hours and furnace cooled). 

According to this standard those steels showing grain-size Nos. 
| to 5 are considered as “coarse-grained” and the steels that show 
grain-size Nos. 5 to 8 are considered as “fine-grained.” A steel of 
No. 5 grain-size may be either “coarse” or “fine-grained,” depend- 
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Photomicrographs of Steel No. 42. Etched in 3 Per Cent Nitric Acid in Absolute 
Methyl Alcohol. X 100. 

Fig. 1—Steel “As-Received.” 

Fig. 2—Heated to 900 Degrees Cent. Air-Cooled. 
Fig. 3—Carburized 925 Degrees Cent. for 8 Hours, Furnace-Cooled Hypereutectoid 
Zone. Grain-Size No, 2 A.S.T.M. Chart. , 

Fig. 4—Forged at 1200 Degrees Cent. Air-Cooled from 850 Degrees Cent., Compare 
with Fig. 1. 
Fig. 5—Same as Fig. 4 Reheated to 900 Degrees Cent. Air-Cooled, Compare with 
2 and Fig. 11. 
Fig. 6—Same as Fig. 4 Carburized at 925 Degrees Cent. for 8 Hours Hypereutectoid 
Zone, Compare with Fig. 3. 


Fig. 
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Photomicrographs of Steel No. 37 Etched in 3 Per Cent Nitric Acid in Absolute 
Methyl Alcohol. > 100. 

Fig. 7—Steel ‘‘As-Received.”’ 

Fig. 8—Heated to 900 Degrees Cent. Air-Cooled. 

Fig. 9—Carburized 925 Degrees Cent. for 8 Hours, Furnace-Cooled. Hypereutectoid 
Zone. Grain-Size No. 7 A.S.T.M. Chart. 

Fig. 10—Forged at 1200 Degrees Cent. Air-Cooled from 850 Degrees Cent., Compare 
With Fig. 7. : 

Fig. 11—Same as Fig. 10 Reheated to 900 Degrees Cent., Air-Cooled, Compare with 
Fig. 5 and 8. 

Fig. 12—Same as Fig. 10 Carburized at 925 Degrees Cent. for 8 Hours, Hyper 
eutectoid Zone, Compare with Fig. 9, 
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ing upon whether the other grains present are coarser or finer 
No. 5, e.g., a steel showing a grain-size of mostly No. 5 but 
some No. 6 present would be considered a “fine-grained” steel. 

A steel which the writers refer to as having a “duplex” ¢: 
size is one in which the grain-size classification shows it to contain 
both coarse- and fine-grains. For example, a No. 2 to No. 6 grain- 
size would indicate a “duplex” grain structure in the steel. 

A series of photomicrographs are therefore included here jn 
order that the reader may have a clear picture of the differences in 
grain-size and microstructure of typical examples of coarse- and 
fine-grained steels under different conditions of heat treatment. They 
are steels Nos. 42 and 37 respectively. 

The photomicrographs and the notes appearing with them are, 
in general, self-explanatory, but there are a few facts brought out 
that merit further discussion. It will be noted that throughout the 
series of photomicrographs, steel No. 37 shows a consistently finer 
structure than does steel No. 42 when both have been treated under 
identical conditions. 

An interesting feature is brought out by comparing Figs. 3 and 
6,9 and 12. Figs. 3 and 9 show the hypereutectoid zone of steels 
42 and 37 respectively when the “as-received’’ pieces are carburized 
and rated for grain-size. Figs. 6 and 12 show the same zone of 
steels 42 and 37 respectively when carburized after being forged. 
It will be noted that both Figs. 3 and 6 show No. 2 grain-size and 
both Figs. 9 and 12 show No. 7. Several other steels given the car- 
burizing treatment were examined under the microscope and in all 
cases the grain-size was the same before and after the steel was 
forged. This would substantiate further that the grain-size as de- 
termined by the A.S.T.M. method may be regarded as the “inher- 
ent” grain-size of the steel, as it is not altered by severe plastic 
deformation at forging temperatures. 











PROCEDURE 
Effect of Furnace Atmosphere 


Since an important phase of this study involved volume changes 
it was imperative that the depth of scaling during the heat treating 
operations be reduced to as small a value as possible. This was ac- 
complished by using a controlled gas atmosphere within the electric 
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ace by the use of a burner placed just inside the furnace door, 


Local city gas was used in the furnace. The composition of the 


varies and the following analysis is given as being typical: 


Per Cent 
CO CH, Hs; CH, No H.O (vapor ) 
17.0 4.5 35 25 Y remainder 


A series of tests was performed to determine the scaling effects 
‘1 the various atmospheres obtainable with the furnace set-up, and 

va are shown in Table I. 
and According to Table I, two furnace atmospheres may have the 
hey same oxygen content and yet show quite different degrees of scaling. 


are, 
Table | 
out Results of Preliminary Work on Furnace Atmospheres 
the Furnace Gas : Temp. 
Tae Analysis Ratio of Degrees 
Inet Os CO COstoCO Cent. Remarks 


der 7.4 0.4 8.8 0.842 595 Noticeable scaling 
6.2 1,3 6.9 0.90 650 Noticeable scaling 
6.8 0.4 12.3 0.548 595 Very slight scaling 
0.6 13.2 0.424 815 Very slight scaling 
and ; 4.9 0.3 16.0 0.306 595 Exceedingly thin scale 
0.4 0.388 595 Average depth of scale dete: 
eels mined to be 1.5 xX 10°5 in 
: i 4.1 0.4 17.3 0.237 830 Average depth of scale deter 
ized mined to be 2.6 * 10° in 
of "Tempering temperature. 
fQuenching temperature. 
red. 
and 
car- lor example, consider tests A and F. Both had the same oxygen 
all content, but test A had a higher CO, content and a lower CO content 
was than test F. CO, is known to be an active scaling agent? and prob- 
de- ably does play an important part in the scaling, as is brought out in 
er- the tests just mentioned. 
stic From the test data it appears that the ratio of CO, to CO is 
an important factor. Referring to Table I, it is seen that if this 
ratio is about 0.8 or higher the steel invariably shows appreciable 
scaling. However, if the ratio is around 0.5 or lower it 1s possible 
to heat the steel with but slight scaling. A CO, to CO ratio of 
about 0.3 was found to give very satisfactory results, provided the 
oxygen was kept as low as possible. 
Tests were performed to determine the thickness of the scale 
under the different heat treatments used. In the test at the tempering 


*R. G. Guthrie, “The Effect of Furnace Atmospheres on Steel,’’ TRANSACTIONS, 
American Society for Steel Treating, Vol. 15, January, 1929. 
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heat, (Test F—Table I), 12 bright cylindrical samples were «seq 
6 of which had been coated with quenching oil. The samples 

































re 
weighed on an analytical balance before heat treatment. They were 
then given the tempering treatment, 595 degrees Cent. (1105 degrees 
Fahr.) for 1% hours, in the furnace atmosphere, and after furnace 


cooling, were again weighed. It was found that the presence of an 
oil film on the samples reduced the thickness of the scale to about 
half of that on the samples which were not coated with oil. As a re- 
sult of this observation, all of the steel used in this study was dipped 
in oil prior to heat treatment. 

The increase in the weight of the samples was due to the forma- 
tion of an iron oxide. Under the conditions of this test it appears 
that the particular oxide formed* was largely FeO. The specific 
gravity of FeO is reported in the International Critical Tables to be 
5.99 and since the dimensions of the cylinders were known, the 
thickness of the FeO film was calculated, assuming uniform distri- 
bution over the surface of the cylinders. 

The proportion of Fe in the FeO was determined and the thick- 
ness of the Fe film entering into the FeO was calculated. The dif- 
ference between the thickness of the FeO film and the Fe film 
represents the increase in dimensions due to scaling during heat 
treatment. The scale thickness produced in test F was found to be 
1.5 x 10° inch for the cylinders coated with oil. 

A test similar to the one previously described was performed 
to determine the scale thickness under hardening conditions, 830 de- 
grees Cent. (1525 degrees Fahr.) for one hour, followed by water 
quench. (Test G—Table 1). 

Since the finest measurement in this study is of the order of 
1 x 10° inch, the results of the two scaling tests were considered as 
sufficient proof that the scale thickness formed under the two heat 
treatments used was so small as to be entirely neglected. 

With the previous results on scale thickness capable of being 
duplicated by proper adjustment of the furnace atmosphere, it was 
concluded that the scale produced would cause no appreciable error 
in the volume determinations to be made later. 


Tests on Cylinders 


Procedure. Bars of medium carbon steel from the heats shown 





*“Tron Oxide Reduction Equilibria—A critique from the standpoint of the phase rule 
and thermodynamics,” U. S. Bureau of Mines Bulletin No. 296, p. 7, 55, 81-2, 95-6, 










ace 


Ot an 
aby ut 
a Te- 


ipped 


rmMa- 
pears 
ecific 
to be 
, the 
istri- 


hick - 
dif- 
film 
heat 


o be 


‘med 
) de- 


‘ater 


r of 
d as 
heat 


eing 
was 
rror 


PROPERTIES OF CARBON STEELS 


Table Il 
Composition of Steels Investigated 


Heat 
No. Carbon Manganese Phosphorus Sulphur Siheon 


0.43—0.44 tae eneee a mig 
90,185 0.42 0.70 0.016 0.035 0.2) 
81,112 0.48 0.41 0.015 0.028 0.2] 
33,234 , 0.44-0.48 0.77—0.80 0.014 0.024 
31,344 . 0.49—0.55 0.73-0.76 0.012 0.022 
29,101 : 0.53—0.57 0.79-0.81 0.014 0.024 
89,011 0.48—0.51 0.72-0.74 0.010 0.023 
39.045 0.45—0.48 0.71—0.73 0.030 0.032 
89,114 0.46—0.50 0.74 0.014 0.021 
29,095 0.47—0.50 0.68—-0.70 0.014 0.028 
62,480 ; 0.42—0.46 0.64—0.66 0.011 0.021 
27,189 0.45—0.47 0.63—0.65 0.028 0.013 
9.9213 / 0.49—0.52 0.64—0.66 0.018 0.028 


in Table II were obtained from various steel mills in order to in- 
troduce the effect of different heats met with in industrial practice. 
Samples were cut from each of these 2.5-inch diameter bars to be 
used for metallographic specimens and to be subjected to the various 
heat treatments used during this study. Two 4-inch lengths were 
cut from each bar and normalized at 900 degrees Cent. (1050 de- 
grees Fahr.) for 1.5 hours after which the ends were machined ac- 
curately parallel and the diameters were machined to within 1/10000 
of an inch of being perfectly round. 

They were accurately measured at constant temperature (23 
degrees Cent.) by four independent readings taken of both length 
and diameter at approximately 90-degree intervals. Two such sets 
of readings were taken on each cylinder at different times prior to 
any heat treatment. After the observer acquired the technique, the 
dimensions could easily be read within 1/10000 inch of a previous 
reading. 

The cylinders were heated to 830 degrees Cent. (1525 degrees 
Fahr.) and held for 1% hours in the controlled atmosphere electric 
furnace. After being properly heated, the cylinders were quenched 


in water kept at practically constant temperature (16 degrees Cent. ) 
by a steady stream of fresh water. 
The dimensions of the quenched cylinders were obtained as 


soon as the steel had reached room temperature, about 23 degrees 
Cent., at which temperature all of the volume measurements were 
made. The dimensions were measured to the degree of accuracy 
previously described. The cracks as illustrated in Fig. 14 did not 
interfere with the measurements inasmuch as the micrometers were 
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applied on that portion of the cylinder which remained uncra 












The Brinell hardness was read on each cylinder. Within 1 hour 
after quenching each cylinder had been measured and reheated to 
about 260 degrees Cent. (500 degrees Fahr.) to relieve the str« 
set up in quenching. 


seS 


The cylinders were tempered at 595 degrees Cent. (1105 degrees 
Fahr.) for 1.5 hours in a controlled atmosphere electric furnace 
and allowed to furnace cool in this atmosphere to about 150 degrees 
Cent. (300 degrees Fahr.). The dimensions of the tempered cylin- 
ders were obtained as before, two complete sets of readings having 
been taken. The Brinell hardness was read on each cylinder. 


sine 


Tests on Impact Bars 























Procedure. A portion of each original bar was forged at 1200 
degrees Cent. (2190 degrees Fahr.) to 34-inch round, which pieces 
were normalized at 900 degrees Cent. (1650 degrees Fahr.) for one 





Pe 
hour and two round Izod impact specimens were machined from each. 

The impact test pieces were heated at 830 degrees Cent. (1525 de- < 
grees Fahr.) for one hour, water-quenched and immediately tem- 

pered at 595 degrees Cent. (1105 degrees Fahr.) for one hour. n 
Rockwell hardness readings were taken in both the quenched and 

the tempered condition. a 

a 

EFFECT OF GRAIN-SIZE ON PHYSICAL PROPERTIES b 

Hardening Characteristics , 

A definite relationship exists between grain-size and the Brinell r 

hardness of the hardened steel taken on the cylindrical surface. From 


Table III it is evident that a coarse-grained steel is associated with 
the higher Brinell hardness, (514 to 555) and the fine-grained steel 
with a lower Brinell hardness (363), while the duplex grain steels 
exhibit hardness values between those of the coarse- and the fine- 
grained steels. 

Davenport and Bain‘ and others have shown that coarse-grained 
steels possess greater hardenability than steels having a fine grain. 
The hardening power is directly measured by the Brinell reading and 
also by the expansion. Bain and Waring make the following state- 













‘E. S. Davenport and E. C. Bain, “‘General Relations Between Grain-Size and Hard 
enability and the Normality of Steels,’ Transactions, American Society for Metals, Vol 
22, December, 1934. 
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Table Ill 
Results of Tests on Cylinders and Impact Bars 


Grain 
Size 


munvin & w 


~ 


wn 


) 


5-6 
5-6 
6-7 


7 
6—7 


Brinell 
Hardness 
Quenched 


t 
1 


Jt 


wmumvinn vit 
—mvVue 
w 


-uvn+S 


so 
wu 


477 


363 
363 
363 
363 


Hardened 
Per Cent 


0.181 
0.159 
0.159 
0.173 
0.181 
0.174 


0.0718 
0.104 


0.132 


0.004 
0.0638 
0.081 
0.0756 


-~Increase in Volume— 
Tempered 
(595*°C.) 
Per Cent 


0.038 
0.0304 
0.0318 
0.154 
0.077 


0.058 


0.065 
0.072 


0.067 


0.048 
0.055 
0.029 
0.044 


Izod 


Impact 
Value 
Ft.-Lbs. 


71.6 
69.6 
58.9 
73.5 
77. 


99.5 


"2 
40. 


/6. 

84.3 
86.4 
81.5 
84.9 
94.5 


Cracking* in~ 


Cyl. 


Yes 
Yes 
Yes 
Yes 
Yes 
Yes 


Yes 
Yes 
No 


No 
No 
No 


Impact 


Bar 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 


Yes 
(Yes) 
(No) 

No 


No 
No 
No 


No No 

All steels previously normalized at 900 degrees Cent. (1650 degrees Fahr.) for 1.5 hours, 
water-quenched from 830 degrees Cent. (1525 degrees Fahr.) and tempered at 595 degrees 
Cent. (1105 degrees Fahr.). Hardness of normalized steels about 179 Brinell. All 
cylinders tempered to a hardness of 212 to 229 Brinell. Hardness of heat treated impact 
bars 19-21 Rockwell C. Cylinders 2.2 to 2.4 inches in diameter and about 4 inches long. 
Per cent volume change compared with volume of normalized bars. 


*Cracks in cylinders were cylindrical and on the edge (see Fig. 14) in impact bars they 
were longitudinal. 


ments concerning the densities of the various constituents in steel.° 

“Carbides are the most dense, austenite somewhat less dense, 
and martensite the most voluminous. Ordinary ferrite lies between 
austenite and martensite as does also the mixture of ferrite and car- 
bide found in annealed steels.”’ 

Steels which have the greater hardenability would show a greater 
proportion of martensite when hardened and since martensite is the 
most voluminous constituent produced in quenching it is logical that 
the coarse-grained steels, which show the higher Brinell hardnesses, 
should also show a greater expansion than fine-grained steels. 


Volume Changes 


The volume changes referred to in this work are expressed in 
per cent of the original volume, and are all positive except No. 42. 

Table III shows the results of the tests on the cylinders when 
hardened and tempered, and the results of the impact tests on the 
same steels subjected to the same heat treatment. 


Considering the relationship existing between grain-size and in- 


crease in volume on hardening, it is seen that the coarser grain-size 


SE. C, Bain and W. S. N. Waring, ‘“‘Austenite Decomposition and Length Changes in 
Steel,” TRANSACTIONS, American Society for Steel Treating, Vol. 15, January, 1929. 
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is associated with the greater increase in volume. The pe: 
expansion is of the same order of magnitude for all of the « 

grained steels. The fine-grained steels show a lower percentage 
crease in volume on hardening. Steels having a duplex grain 


size 

may show the expansion characteristics of either a coarse- or fine 
grained steel. 

The preceding observations are clearly indicative of the greater 


tendency of the coarse-grained steels to expand on hardening, the 
degree of expansion increasing with the increase in grain-size, except- 
ing of course, those steels which show duplex grain-size character- 
istics and which may act as either coarse- or fine-grained steels jn 
some of their properties. The tendency of coarse-grained steels to 
show a high degree of expansion indicates that they are much more 
subject to warping and cracking upon hardening than are the fine- 
grained steels. 

The per cent volume change in the tempered condition did not 
seem to have any relationship to the grain-size. The greatest in- 
consistencies were found in the coarse-grained steels in the tempered 
condition. It may also be observed that fine-grained steels show 
greater consistency in volume changes than do coarse-grained steels, 
the variation being from 0.029 to 0.055 per cent. 


Cracks Versus Grain-Size 


Another interesting relationship may be pointed out between 
grain-size and the tendency toward cracking when the steels are 
hardened and tempered. Table III shows a definite relationship 
between the grain-size and cracking tendency. All of the coarse- 
grained cylinders showed varying degrees of cracking when 
quenched. Steel No. 40 with a duplex grain showed decided crack- 
ing and in this respect is typical of a coarse-grained steel whereas its 
volume change and Brinell hardness were more like that of a fine- 
grained steel. Steels 38 and 34, both coming under the duplex clas- 
sification, again exhibited the properties of steels on the “border- 
line.” No. 38 cracked decidedly while No. 34 showed no visible 
cracking whatever. This emphasizes the point that steels showing 
a duplex grain-size are inconsistent in their properties and may act 
either as typically coarse- or typically fine-grained steels. 

None of the fine-grained steels showed any tendency to crack. 





This observation suggests that coarse-grained steels are either more 
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tive to heat treatment or that they have inherent characteristics 
| give rise to quenching cracks. 

It is worthy of note to state that those steels which cracked most 

verely were Nos. 31 and 42 in which the smallest grain-size was 

. 4. The cracks in the large cylinders were all circumferential, 

d at the edges of the cy'inder. A typical crack is shown in Fig. 14 

this paper. The tendency of the coarse-grained steels toward 
cracking was not confined to the large cylinders, but was also ob- 
served in the impact specimens. It is interesting to note that all of 
those steels which cracked in the large cylinders also cracked in the 
impact bars; and those steels which did not crack as cylinders showed 
no signs of cracking as impact specimens. The agreement in this 
respect was perfect. This seems to be positive proof that the tend- 
ency to crack on quenching is inherently in the steel for it is not al- 
tered by the forging operation. 

Fig. 13 is included to show what may be an inclusion in the 
steel. The photomicrograph was taken as representing the begin- 
ning or “root” of a crack in one of the impact specimens machined 
from a forged bar of steel No. 42. Several other cracked impact 
bars were examined in the same region and Fig. 13 is typical of the 
microstructure in that area. Different polishing methods were re- 
sorted to in an attempt to ascertain whether the slag-like appearance 
was due to polishing compound lodged in the crack. The appear- 
ance was the same regardless of the polishing method used. The 
writers have no positive proof that the “inclusion” was slag, but it 
had the same appearance as the inclusion (ferrous silicate) in Fig. 3 
of a recent paper by Urban and Chipman.°® 


Impact Values and Grain-Size 


The Izod impact values are included in Table III. The accuracy 
of these values may be questioned since a number of the specimens 
were cracked longitudinally, and the impact values from the cracked 
sections might be regarded to be in error. However, in steel No. 38 
one of the impact test pieces was cracked longitudinally and the 
other was not, yet the impact values were the same on all of the 
six breaks obtained as is shown in Table IV. 

This indicates that longitudinal cracks do not materially affect 


*S. F. Urban and John Chipman, “Inclusions in Steel,” Transactions, American So- 
ciety for Metals, Vol. 23, March, 1935, 
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Fig. 13—Microstructure at “Root” of a Crack in an Impact Speci- 
men of Steel No. 42. Note the Slag-Like Appearance of the Darker 
Area. Etched in 3 Per Cent Nitric Acid in Absolute Methyl Alcohol. 
x 700. 

Fig. 14—Illustration of Typical Cracks in a Cylinder and an Impact 
Specimen. Actual Size. 


the impact values, however, it is better to interpret the results on the 
cracked pieces as being subject to error. The impact values of the 
coarse-grained specimens varied from 55 to 77 foot-pounds, while 
those for the fine-grained steels are reliable and ranged from 81.5 to 
94.5 foot-pounds. 

Steel No. 40 with a duplex grain structure, showed cracks in 
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Table IV 
Results of Impact Tests on Steel No. 38 


Tempered 595 Degrees Cent. (1105 Degrees Fahr.) 
r—Sound——, Cracked 


6 Average 


76.0 


the impact specimens and the impact values were consistent with 
those of the coarse-grained steels. Steels Nos. 34 and 38 again 
showed the peculiarities of a duplex structure. No. 34, which did 
not crack, gave an impact value of 84.3 foot-pounds, while No. 38 
showed consistent impact values of 76 foot-pounds even though one 
specimen cracked and the other did not. 


DISCUSSION OF OBSERVATIONS 


That intensity of hardness is generally proportional to increas- 
ing grain-size has been shown by many investigators. The relatively 
low rate of transformation of the coarse-grained steels produces 
greater hardness and therefore greater distortion. In medium and 
heavy sectioned pieces the marked increase in volume of the hard- 
ened outside surface over the relatively small change in volume of 


the unhardened center would cause excessive stress to be developed. 
Indeed the stress may be sufficient to cause rupture. 


The coarse-grained steels are associated with agglomerated non- 
metallic. inclusions according to Herty and others. In the fine- 
grained steels the nonmetallic particles are finely divided and less in 
total quantity. Associating this nonmetallic particle size with the 
tendency to distortion it is quite logical that the coarse-grained steels 
would develop cracks caused by the excessive stresses of the in- 
tensely hardened outside, concentrating at and growing from a non- 
metallic particle. 

Contrariwise the dispersion of these particles in the fine-grained 
steels and the small change in volume under the hardening treatment 
prevent excessive forces of distortion and little opportunity to con- 


centrate what forces there are so that cracks do not result in the 
fine-grained steels. 


Calling the reader’s attention to the volume change of the steels 
in the hardened and tempered condition, the advantages again lie 
with the fine-grained type. Here the volume change lies between 
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0.029 and 0.055 per cent of the normalized volume while the in- 
crease of the coarse-grained steel lies between —0.030 to +0.154 
per cent. Fine-grained steels may therefore be expected to hold 
their dimensions better than the coarse-grained. 

This difference in volume change between the fine- and coarse- 
grained steels after hardening and tempering is probably due to the 
greater volume of the hard constituents in the latter steels. Greater 
stresses are therefore set up in this steel and consequently the greater 
effect of such internal stresses is the undue change in dimensions 
of the strained steel. 

The fine-grained steels on the other hand have less of the hard 
constituents formed, lower stresses induced in the steel, and conse- 
quently less change in dimensions. 


CONCLUSIONS 


1. Fine-grained steels (5-8) showed no cracking while coarse- 
grained steels (1-4) always cracked in light and medium sections 
(up to 3 inch) when hardened. 

2. The cracking tendency of the coarse-grained steel is ap- 
parently associated with the nonmetallic inclusions. 

3. Fine-grained steel (5-8) is preferred where minimum varia- 
tions in volume changes are desired in the hardened and tempered 
condition. 


4. A higher surface hardness on medium sections (2-3 inch) 
may be obtained with the coarse-grained steels (1-4). 
5. The same heat treatment is permissible for both the coarse- 
and the fine-grained steels if the hardness specifications are below 


250 Brinell. 


6. Fine-grained steels are preferred where greater toughness 
and soundness are desired. 

7. Steels having a duplex grain-size may show the typical prop- 
erties of either the coarse- or the fine-grained steel and therefore 
cannot be depended upon. 
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